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Forward
hs5th Stumsud Pro mReportcomesata time when we areall thinking o(the long tm futureof the National

Center for Voice .id Speech. Many things are cmgins right now in the health scienceareaL. All of us wre famiiar, of
core, with the day to day deveklpments of President Clinton's health care package. None of us know exactly what the
impact will be on the long sum welfam of biomedical research, but we ae all hoping that NIH funing wi condou at
abealthy pace. Lan yew the NIDCD budget was reduced from its pwvious year for the first time ever, which made it very
difficult to obtain new gram applications. Recent o -- indicate, however, dat ter may be an increase in the
NIDCD budget of approximately 5 percent for the coming year. This is good news, given the very tight fiscal policies that
Conugss, is wodring uider these days.

One thing is certain - each year we have ID become mor clever as researchers. The Advisory Board to NIDCD
wishes us to got deeper into the molecular structure ofall the organs of the human body involved in speech communication.
At the same time, they wish us to understand the whole body as a system. Yet it is becoming more and more difficult to
do invasive pmcedumes, either on humas or on anmals. This meast dat the critical daa that we all need have to come
from very cmefully conducted experiments, those that have a high benefit to risk (or cost) ratio. On the one band, we need
large numbers of'human subject or animals to make our results statistically reliable; on the other hand, we need to conserve
and protc hrmns and animals involved in research. This puts all of the pmes on the experimenter to obtain only those
pieces of information that ae absolutely vital and then to integrate the framents in the most clever ways. I hope that our
research will show that Uten

Fromn a publication stondpoint, this 5th Status and Prom ss Report hu been arranged in a two-column format to
be alitlte more compatible with typicaljournal papers. I am extmely proud ofour staff here atthe Iowaofficefor spending
time and effort to make the report readable and appealing to you all. Special thanks go to Julie Lemke, Julie Osuem, and
Marty Milder who have contributed substantively to the succea of the reports.

Ingo R. Titze, Director
November, 1993
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NM'S Slow and Pius,". q, .- 5
No~vabe. 199. 11-10

Levator Veil Paladni Muscle Activity in
Relation to Intraorai Air Pressur Variation

Da W P. Km,,d NA
Deputied of Speech and Hu*ing Sciences, The Unienity of Illinois at Udn-Chanmpaign
Jeradl M~m,Fr.D.

Depneat of Speech PFhology ad Audiology, ITh Univeity of Iowa

Abstradt the approximately 6-10 cm H20 typically achieved during
The purpose of this investigation was to study the speech.

operating range of the levator vei palatini muscle for a Playingawindinstrumentmayrequireagreatdeal
nonspeech task (blowing) and to determine wherein that more intraoral air pressu=e than that for speech. Bouheys
range levator activity for speech lies. Ten adult subjects (1977) indicated that trumpet players often expend up to
without speech or velopharyngeal abnormalities partici- 150 cm H120 when playing tones that are high in frequency
pared. Levator EMG activity for speech occurred in the and intensity. Bless, Ewanowski, and Dibble (1983) re-
lower region of the total range for blowing. In two ported air leakage through the velopharyngeal port for 10
subsequent experiments involving a subsetof four subjects, subjects playing wind instruments who sought help for this
it was found that overall effort may have had a small effect problem. Only three of the subjects exhibited air leakage
on levator activity apart from its role in velopharyngeal for speech, although only after extended practice on their
closur for aerodynamic purpose. The results of the main musical instruments. It appears that in the subjects de-
experiment are discussed in relation to the concept of scribed by Bless et aL (1983), velopharyngeal muscle
threshold of fatigue as it may influence velopharyngeal activity was sufficient for the pressure demands of speech
control mechanisms. but not for the higher pressure demands associated with

playing a musical instrument. It is possible that for certain
individuals, such as those with a history of cleft palate,
muscle strength may not even be sufficient to meet the

Certain muscles that are used for speech produc- pressure demands for speech.
tion appear to have the capacity to produce forces that far In discussing maximum performance tests of
exceed those necessary or typically used for speech. Ex- speech production, Kent et al. (1987) noted that a reduced
amplesofsuchmusclesincludethemasseterandtemporalis reserve capacity can impair a speaker's "flexibility" and
used forjaw elevation (Folkins, 1981). It has been reported might also render speech a taxing activity for that indi-
thatlevelsoflipmuscle fore used forspeech are only about vidual. Although the authors discussed global activities
10-20% of maximum lip forces attainable (Barlow & Abbs, such as maximum expiratory pressures without addressing
1983). With regard to respiratory activity afforded by the underlying anatomic and physiologic mechanisms, it is
powerful Abdominal and chest wall muscles, humans are likely that considerations of prevailing level of activity in
capable of generating airway pressures much greater than relation to reserve capacity apply to individual muscles as
those typically used for speech. Cook, Mead, and Orzalesi well as whole systems. That is, using amuscle at or near its
(1964) found that a group of normal young adult females maximum activation level for speech may be taxing for that
and males generated average maximum pulmonary pres- individual muscle and may render movement of the struc-
sures of 146 and 237 cm H2O respectively. Kent, Kent, and ture, of which the muscle is a part, an unduly effortful
Rosmbek (1987) reviewed additional studies reporting process.
similar values. These values are many times greater than

NCVS Sttue Vnd Progrea Reawd 0



It is not known where in its total operating range Experisuu t I
each individual muscle that influences the airway functions The tasks for Experiment I are summarized in
durng speech. We were interested in studying the operat- Table 1 and identified more explicitly in Table 2. Both the
ing range for the levator veli palatini muscle and to deter- speech and nonspeech tasks were intended to elicit a range
mine wherein that range its activity for speech lies. We ofactivityforthelevatorvelipalatinimuscle, fromminimal
were motivated by a dtr procedure that we are utilizing to maximal levels. Subjects produced 10 repetitions of the
tostengthenthemusclesofvelopharyngealclosure(Kuehn, speech and blowing tasks and several repetitions of the
1991). voluntary velar elevation and swallowing activities.

The therapy procedure describedby Kuehn (1991) The subject was seated upright in a dental chair
involves introducing a positive air pressure into the nasal and the oral cavity was sprayed lightly with 4% lidocaine
cavities using a method commonly referred to as CPAP topical anesthetic. Stainless steel wire electrodes, 110 pml
(continuous positive airway pressure) that is used to treat in diameter, were used for recording EMG activity from the
patients with sleep apnea. The positive air pressure pro- levator muscle. The wires were inserted perorlly into the
videsaresistance against which the velopharyngeal closure muscle using 1/2 inch 30 gauge hypodermic needles. The
muscles must work. We have shown in a previous study needles were inserted atan angle following thecourseof the
(Kuehn, Moon, and Folkins, 1993), that levator muscle levator muscle, that is, in a superior, lateral, and posterior
activity increases with heightened nasal cavity air pressure direction. The two wires for bipolar recording were placed
in subjects with and without cleft palate. However, we did approximately 4 mm apart and 10 mm deep into the levator
not determine in that study the level of levator activity for muscle on the subject's right side. Placement criteria
speech in relation to its total range for either group of included EMG activity that was observed in association
subjects. with sustained [s] production. The EMG signals were

Given that blowing requires an airtight amplifiedusingBiocommunic nsElectronicspreampli-
velopharyngeal seal regardless of the level of intraomal air fiers (model 301) and amplifiers (model 205).
pressure generated, we chose that task in an attempt to During the blowing tasks, asegmentofa polyeth-
activate the levator muscle over its widest operating range. ylene tube, 15 cm in length with a 1.77 mm inner diameter
The data from normal subjects pertaining to levator operat- and 2.80 mm outer diameter, was inserted into the mouth to
ing ranges obtained in the current study will be used as a serve as a shunt in parallel with the pressure-sensing tube of
basis for comparison with similar information obtained the same diameters. The shunt tube enabled constant and
from individuals with velopharyngeal abnormalities in a predetermined oral pressures to be generated. Intraoral air
follow-up study. pressure was sensed with a Honeywell Microswitch pres-

Three experiments involving normal subjects were sure transducer (model 162PCO1D), amplified with a
designed to answer the following questions: Biocommunications Electronics amplifier (model 205),

1) What is the activity range for the levator vei
palatin muscle for a nonspeech task involving blowing?

2) What is the activity range for the levator veli Table 1.
palatini muscle for speech in relation to the range for the Summy of taks for Experi. t 1.
blowing task? Tua-k aru identified by letter in Table 2.

3) What is the activity range for two control
muscles, the masseter and sternocleidomastoideus, during SPEECH
the blowing task? ay - again"

4) What is the activity range for the levator veli [ml [sisl
palatini andone control muscle, the sternocleidomastoideus, [tiMMl [ua1
during a speech loudness task? [Mimi [pA]

MAWo NONSPEECH

Subjects 1. Blowing: lutrmomal air pressure values in cmn H2 0
The subjects for Experiment 1 were five men and 5 40

five women in the third, fourth, or fifth age decade. The 10 50

subjects exhibited normal oral/nasal resonance balance and 20 60

reported no history of speech, language, or hearing disor- 30 max

ders. This was verified by the investigators at the time of 2. Voluntary Velar Elevation

testing. Four of the subjects, two male (S I and S2) and two
female (S3 and S4), participated in a second and third 3. Swallowing on Commad
experiment in addition to Experiment 1.

NCVS Stm ml fd ress R t. 2



TAk Iback of the amplified levator veil palatini electromyo-

Key tw id•esifficat at tsiI graphic interference patterns to assist them in voluntary
lav k nweis activity was w m e. LAm a-r velarelevations. Two(S8andS10)of thetensubjectscould

V --d IS a ab tasks mammL LmeUs= a-s represent not perform voluntary velar elevations even with such
te blowikpng tat k A iA thn volustuy valeo oel om task. feedbalck

and B isthe swalowing ask

Geaeralzed Physiologic Effort
X A subsetof four subjects performed two additional

tasks in two subsequent experiments to estimate the pos-
eak) ay Iny for d)i a-y soagai sible effects of overall effort on levator muscle activity

a) my [ml ai e) msay ismi again apart from the functional demands on the muscle to close
b) my [ummml spgi 0 say 10)[1 qaa the velopharyngeW odrifce for aerodynamic purposes. It

was reasoned Ihatoveralleffmo, especially athigherintra l
Ptela amiv D level for .- Iie] : air pressure levels, conceivably could elevate activity of

b) k). .m. .. k) .i muscles in the head and neck region even if those muscles
0 - (am]. 0 - [l-. were not immediately bordering the airway. For example.

those muscles could provide a stabilizing force that might
Pak acivty for (&I im "&ag" in: increase activity level linearly with increases in intraoral air
m) my (ml api q) say ( aain essure. Thus, we wanted to account for the possibility that
at)aymy minsal pa q) say luslagai
o) my (mimi apsi r) say p00 again increases in levator activity might be due predominantly to

overall physiologic effort thereby giving an otherwise false
NONSPEECH impression of its activity in relation to velopharyngeal

wing. Iraal pressures in cmclosure for the blowing task. Experiments 2 and 3 were

s) S w)r40 conducted for that purpose.
1)10 x) 50
u) 20 y) 60 Experiment 2
v) 30 z) na Activation levels of the masseter and
A. Votary velar elevn osternocleidomastoideus muscles were sampled. The mas-

seter was chosen because it can move the jaw during speech
B. Swallowing watm from a cup. although it is not an "obligatory" muscle. That is, people

can produce speech with the jaw immobilized (Lindblom,
Lubker, & Gay, 1979). In a similar fashion, the

and displayed on one channel of an oscilloscope (Tektronix sternocleidomastoideus is often regarded as an "accessory"
model 2214). muscle of inhalation (Hixon, 1973) and may therefore assist

The subject was shown the horizontal axis on the in respiratory activity for speech, but generally is not
oscilloscope for which each target pressure coincided. He regarded as "obligatory" for that purpose. Moreover,
or she was instructed to maintain the target pressure by neithermuscle immediately borders the airway. Therefore,
keeping the oscilloscope beam on the appropriate horizon- they were felt to be suitable as neutral muscles of the head
tal axis while blowing on the shunt tube. Target pressures andneck for the purpose ofassessing theeffects of the range
were elicited in the order 10, 5,20,30,40,50,60 cm H20, of effort associated with the blowing task.
and the maximum pressure that the subject could generate. Pairs of surface electrodes (Beckman Ag-AgCI 11
The maximum pressure varied across subjects and was not mm diameter disks) were attached with adhesive collars to
controlled. the skin overlying the masseter and sternocleidomastoideus

After the blowing tasks, subjects produced the muscles of each of the four subjects. Proper placement of
speech tasks listed in Tables I and 2. The speech samples these electrodes was assessed by haing the subjects clench
were produced in the carrier phrase "say - again." the teeth for masseter and to turn the head to the opposite
Sequencing of the speech tasks was randomized across side for sternocleidomastoideus.
subjects. The audio signal from a dynamic microphone was The session began with two separate recordings,
amplified using a Nakamichi preamplifier and Tascam tape first with the subject clenching his or her teeth with maxi-
recorder (model 22-4). mum effortand then rotating the head maximally to the side

Subjects also were asked to swallow water from a opposite the sternocleidomastoideus muscle from which
cup at various times throughout the experiment The the recording was obtained. ThisprovidedmaximumEMG
experimentconcludedby eliciting each subject's voluntary activity levels for the two muscles against which the
velar elevations. Subjects were provided with audio feed- blowing activities could be compared. The subjects then

NCSSwmi Progra RaOW -



blew through the shunt tube as in Experiment I but only at Expriment 1
target values in the sequence 10,30,50 cm H20 and maxi- Figure 1 shows an example of rectified and
mum effot. Each task was repeated 10 times. All instm- smoothed levator veil palatini EMG activity and intraoral
mentatiom and data collection procedures were the same as air pressure trace during a blowing task. A similar EMG
that for Experiment 1. trace was observed during voluntary elevations. For each

of these tasks, average EMG activity within a 1-sec segment
Experimat 3 characterized by relatively stable EMG was chosen to

Experiment 3 involved the same subset of four represent prevailing levator EMG activity.
subjects. These subjects produced vowels at three different An example of measures obta:-ned from a speech
loudness levels. Although increased loudness is associated task is presented in Figure 2. Three measures of activation
with greater overall effort, for example in respiratory drive, level for levator were obtained: 1) peak level for [s] in the
it is not accompanied by greater intrarai air pressure carrier word "say," 2) prevailing level during the target
because vowels are produced with an unoccluded oral utterance, and 3) peak level for [g] in the carrier word
cavity. Therefore, any increase in levator veil palatini "again." For swallowing, peak activation levels were
activity with loudness would logically be attributable to recorded.
some aspect or aspects of physiologic effort, but not to Levator EMG activation levels were normalized
increased intraoral air pressure demands. within each subject. The largest peak EMG value recorded

Two muscles, the levator and during the blowing tasks by a subject was used as areference
stemocleidomastoideus, were sampled. The latter muscle for that subject and was assigned a value of 100%. Allother
was included again as a neutral muscle as described for EMG values recorded for thatsubjectwere referenced to te
Experiment 2. Hooked wire electrodes were inserted into maximum value.
the levator veli palatini muscle on each subject's right side.
Surface electrodes were affixed tothe skin overlying the left
sternocleidomastoideus muscle.

The subjects sustainedeach of the vowels [i,a,u] at ",
a normal loudness level, louder than normal, and at their ,. j Erng
loudest level. They were instructed to produce the loudest
vowels that they could, but without pain or strain. The 1.o,.C
sequence of the nine tasks (3 vowels X 3 loudness levels)
was random across subjects.

To ensure that the subjects were in fact increasing lop
their output level across loudness conditions, a sound
pressure level meter (Bruel & Kjaer, 2209, set to the A
scale) was used to measure the level of their vowel produc- Figure, . R& and medswd G aG iy fr e wl

tions. The meter microphone was placed 2 1/2 ft from the patnini muscle (top) and intreoral air pressure trace (boa.m) for a
subject's mouth. All other instrumentation and data collec- blowing task. An intenmal of L.O cin Oemidporida ofeach wtioa of the
tion procedures were the same as that for Experiments l and blowing tasks um sawuled and analyzed as a rprestative measure of

2. FdGacativtyfor dok.

Data Analyss s el M Ag c n
EMG activity, intraoral air pressure, and audio voice

signals were monitored on an oscilloscope (TektronixI
model 5111 A) andrecorded on a Sony digital instrumenta-
tion recorder (model PC108M). Subsequently, EMG sig-
nals were full-wave rectified and smoothed with a 40 ms
time constant. Intraoral air pressure signals also were P, P2  P3
smoothed with a 40 ms time constalt. Rectified and
smoothed EMG signals, smoothed pressure signals, and the A
audio signal were digitized at 1000 samples per second I ,/*,
using a laboratory computer and commercially available , \ Emg
anal'g-to-digital conversion software. Data then were
displayed and analyzed using custom graphics and analysis Figure2. Audiotrace(top)aAdrect#sdanmohWEAdGact•ityfrom

routines. thde Lvator veli palatid muscle (boaum). P1 = peak EUG for [s] in the
carrier word *say." P2 = prevailing EMG level during the target word in
die carrierphruse, P3 = peak EfG for [g] in tde carrier word 'again."

NCYS SWm xW Pmgrm Rao e 4



A mixed model analysis of variance with one muscle activation level. Separate analyses were conducted
random factor (subjects) and one fixed factor (task) was for the massetef and stemocleidomastoideus muscles. Post
usedtoaesseudiceeftsof the variouspeechandnonspeech hoc analyses involved Bonferroni multiple comparisons.
uks on levelsoflevatormuscle activity. Designedaprioti

comparions were made between the blowing, speech, Expwiment 3
voumtary elevation, and swallowing tasks. The mean For each vowel prolongation, average activation
differences among these task groups were estimated and levels were measured for 1-sec segments characterized by
tested against zero using an alpha level of 0.05. Fuially, relatively stable levator and sternocleidomastoideus EMG
multiple comparisons among the eight blowing tasks, 18 activity. Maximal activation tasks were not recorded for
speech tasks, voluntary elevation, and swallowing were these muscles in this experiment. Tberefore, EMG values
performed using the Scbeffe procedure. recorded in Experiment 3 were not normalized and are

reported in arbitrary units.
Expiment 2 A mixed model analysis of variance was used to

Data analysis for Experiment 2 was similar to that assess the effects of vowel loudness on activation levels of
employed forExperiment 1. Normalization within subjects the levator and sternocleidomastoideus muscles. A sepa-
was conducted separately for each muscle (masseter and rate analysis was conducted for each vowel. The model
sterocleidomastoideus). Activation levels recorded dur- includedvowel and loudness-within-vowel as fixed factors.
ing maximal effort tasks (teeth clenching for masseter and Random factors included subjects, subject-by-vowel, and
head tuning for sternocleidomastoideus), were used as subject-by-loudness-within-vowel interactions. Bonfeonii
reference levels. AsinExperiment I, average EMGactivity multiple comparisons were used to assess muscle activation
within a 1-sec segment characterized by relatively stable differences across loudness levels within each vowel.
EMG activity was recorded. In instances for which no
readily identifiable EMG activity could be detected, a 1-sec Results
segment characterized by stable intraora air pressure was Experment 1
chosen. Figures 3 and 4 show 95% confidence intervals
random factor (subjects) and one fixed factor (pressure representing levator veli palatini muscle activation levels

level) was used to assess the effects of pressure level on for the speech and nonspeech tasks for the 10 subjects.

S 3 .

IF I :

FT SIS

SS Im 0 S'0

, I ! I I I "

I'I' I, ,0,I

a: Ghilkledap- b-1, ,YZ
Qkt IfIbhqtnlpol0dSSCStuw5y1A IIN Cedbf qo~hSnlimrlO vwl yZo..,r 0h OnI kIICqfild~ ncbSouiuvwlyZAB Igfl~klmfoqomlclBSedS,,...yZAS

20 0 SPEECH NON-SPEECH R_ ., SPEECH NON-SPEECH

F IoI
> wwU -U.

0 1

*Mhq~b.054.t...... AS Q%1h1aJrbft&0P-e 611 y2A8
SPEECH NON-SPEECH SPEECH NON-SPEECH

Figure3. Lovatorw imatiEifGactvity(95%confeneinetrvL,)for Figure4. LewtorveHpalatiniEMGactivity(95%confideintervwL)for
speech and xnamleh hau,; male subjects. Tasks are identled by letter speech and nompeech task; female subjects. TasAs are identmfedby letter
b Tab 2. *Subject5 activity for sallowing exceeded 200% of that for in Table 2.
his Nveml peak blowing acto wty
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Speech iasks awe identified by the letters a-r, blowing by the during speech. Table 4 shows the results of the individual
letters s-z, voluntary velar elevation by the letter A, and compaisons for blowing versus speech tasks. Across
swallowing by the letter B (see Table 2). subjects, levator activity was significantly (p < 0.05) greater

EMG measures for the speech tasks are arranged for blowing tasks at and above 20 anm 120 compared to all
according to increasing levels of levator EMG activity 18 speech tasks. For the blowing tasks at 5 and 10cm HC0,
within subjects. Although the exact sequence varied across levator activity was significantly (p < 0.05) greater than that
subjects, the nasal contexts are generally nearer the lower for speech for 5 and 6, respectively, of the 18 speech tasks.
end and the stop and ficaive contexts are generally at the
higher end of the activity range for speech as expected.

The levator activity range across the speech tasks Table 4.

for each subject appears to be rather continuously variable Re (, yof va-rianc compatring l nea uwace

without obvious disconltinuities in the function for most a.ivky for Wowin Uu* to dial for speec a as uje.
Ratios in risht cokuma icdate mmber of significant difteesce

subjects. Possible exceptions to this general statement (p < 0.05) for each blowing task compared to the 18 spee•• tas.
might be for Subjects I and 5. The speech function for Blowing ask arem ued in cm H20 of inuawa arpromme.
Subject 1 appears to be somewhat timodal with the nasal Speech tuk ae identified in Table 2.

consonant [m] (represented by the letter g in Figure 3) at the Blom" Tok Sigicat ven Spout Ta
lowest level, vowels within the nasal context (letters h and
i) somewhat higher, and all of the other sounds higher still. 5 5118

Subject 5 shows an abrupt change in levator EMG activity 10 6/18

for the nasal consonant (letter g) versus all other speech 20 1111s
30 MIS1

sounds for which levator activity is higher. Although not a 40 18n8
major focus of this study, the data for speech in Figures 3 so 18/18
and 4 are more consistent with a velopharyngeal mecha- 60 18/18
nism that is under continuously variable control (Kent, 18/18

Carney, & Severeid, 1974; Lubker,1975) rather than binary
control (Moll & Daniloff, 1971; Moll & Shriner, 1967).

For the blowing task levator activity increased in Figures 3 and 4 also show the 95% confidence
a monotonic fashion for most subjects from the lowest intervals for levator activity associated with swallowing
introral air pressure generated (represented by letter s in and voluntary velar elevation compared to that for the
Figures 3 and 4) to the highest intraoral air pressure (letter speech and blowing tasks. Across subjects, significantly (p
z). Table 3 shows the results of the analysis of variance < 0.0001) greater levels of levator EMG wer observed
comparing blowing tasks for the data grouped across sub- during swallowing than during all three of the other tasks,
jects. For most comparisons, an increase in intraoral speech, blowing, and voluntary velar elevation. However,
pressure was associated with a significant (p < 0.05) this effect was due primarily to the much greater levels
increase in levator activity. For example, levator activity associatedwithswallowing forS1 andS5. Levatoractivity
was significantly greater at 20 cm H20 compared to 5 cn levels for swallowing were less than that for blowing for
H20, greater at 30 cm H20 compared to 10 cn H20, etc. several of the other subjects. Overall, significantly (p <

Overall, significantly (p < 0.0001) greater levels 0.0001) less levator activity was observed during voluntary
oflevatorEMGactivity wereobserved during blowing than velar elevation than during blowing, but there was not a

significant difference between voluntary elevation and
speech.

Table 3.
Readis of analysis of vaiance comnpamig levatm" muscle ExperIment 2
activity for the blowing tasks. *p< 0.05. s-z = iammml
S press Values in cm NO at S. 10. A , 40. 50, 6, Figure 5 provides information about whether ef-

mnWi ,m respectively, fort level in the subset of four subjects had an affect on
muscles in the head and neck region that do not directly

s t U V w X Y Z border the vocal tract. The figure shows normalized mean
. . . . ,. levels of EMG activity for the masseter and

,- • * • • sternocleidomastoideus muscles as a function of intraoral
U * air pressures generated in the blowing tasks. The EMG
V a * levels are expressed as percentages of the maximum level
R of activity within each muscle as determined by maximal
y teeth clenching and head turning maneuvers.
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activity between any two intraorall ai pressure conditions 1110I
were significantly (p <0.0001) different from each other. s 20j
For the stemnocleimastoideus muscle. four of the six paired tf 1 0T
comiparisons between pressure conditions were signifi- 4I
cantly (p < 0.008) different from each other. 30 o .Sternocleidomnastoideus muscle activity for comparisons ________________

between 30 and 50 cm 11,0 versus maximum inraral air normal loud loudest normal Ioua loudest

pressure were not signiicatly different. Thus, most of the SU8JECInVE LOUDNESS SUBJECT IVE LOUONESS
paired comparisons across pressur conditions for the two Figure 7. Meom and sdrd devustimu values for LUWG "Acivity level in
muscles were significantly different from each other sug- arbitry mink vetsu= subjectiv Ludnus Levells for the three vowels
gesting a general increase in muscle activity with incrased [44i. A. LUv~o veil pa~Am inuscek A Stemalewid~aussdeus
blowing effort. However, relative levels of activity re-
mained at alow level (below 25% ofmaximum) for both
muscles even at the highest levels of intracral air pressures changes. Across loudness levels for the levator muscle,
generated. only the comparison involving the vowel [a] for the normal

versus the loudest production reached statistical signifi-
Experlmezat 3 cance (p < 0.006). For the sternocleidomastoideus muscle,

Figures 6 and 7 show the results of the vowel none of the comparisons across lu'idness levels reached
loudness experiment for the subset of four subjects. Figure statistical significance for any of the three vowells. Thus, in
6 shows that the subjects did increase sound pressure levels general, increases in loudness did not have a strong effect
in association with their subjective increases in vowel on activation levels of the two muscles examined.
loudness. All comparisons across loudness levels were
significantly (p < 0.0001) different from each other. Dicussiom

EMG activity levels for the levator muscle am The primary purpose of this study was to obtainshowninFigure7A and those forthes strolioa ideus information about the range of levator veli palatini musclemuscle are shown in Figure 7B in relation to the loudness ativit ini noma spaern to determine wherein that

NCVS SuMA and Pro~u RoeW .7



range the activity for speech lies. It wu assumed that general concept that normal speech does no require a great
utilizing a nonspeech task such as blowing, which requires deal of effort. Yet, it is possible that because speech and
tight veopaygeal closure, would activate the levator nonspeech tasks are qualitatively different, they draw upon
muscle over its widest range. Although we were primarily different neuromuscular control mechanisms. Thus, there
interested in levator activity related to velopharyngeal could be different maxima for levator activity for different
funcdtoing, we wanted to account for the possibility that tasks.
overall physiologic effort might influence levator activity For nonrepetive, nonsustained activity such as
apart hom its more direct role in relation to the control of swallowing, maximal activation of the levator muscle may
intracral air pressure and the direction of the airstream beareasonable strategy, as observed in some subjects in this
during speech. Experiments 2and 3 were conducted forthat study, to ensure the tightest velopharyngeal closure for each
purpose swallow to prevent nasal regurgitation. However, for

The results of Experiments 2 and 3 suggest that repetive activity such as speech, or sustained activity such
overall effort may have had some small effect on levator as blowing, functioning at maximum level would appear to
activity apart from aerodynamic demands. This follows be a poor strategy because of the likelihood of fatigue.
from the increases observed in the masseter and Although the distribution of muscle fiber types in the
sternocleidomastoideus muscles with increases in intraoral normal human adult velopharyngeal muscles is not known,
air pressure in Experiment 2. However, the activity ob- it is likely that thereis a mixture of Type land Type R fibers
served in these muscles during the blowing task was of a present and the muscles would be susceptible to fatigue
very low magnitude. Moreover, increases in loudness did owing to the Type II fibers (Johnson, Polgar, Weightman,
not have a strong effect on activation levels of either the & Appleton, 1973). Thus, to prevent fatigue, it appears
levator or the sternocleidomastoideus muscles in Experi- parsimonious for the muscle to function nearer the lower
ment 3. Therefore, we conclude that the variability attrib- end of its operating range for repetitive and sustained
utable to overall effort is minimal and that most of the activities. Also, it is possible that the structre that is being
variance in levator activity is related directly to its role in moved, in this case the velum, may be apt to reach its
providing closure of the velopharyngeal port. intended target more consistently and in a timelier fashion

A major finding in this study was that levator than if the underlying muscle is overtaxed to the level
muscle activity for speech tended to occur in the lower approaching fatigue.
region of the total range for blowing. Across subjects, all Mundale (1970), in a study involving hand grip
levator activity levels for blowing at or above 20 cm H20 strength and fatigue, found that fatigue (decrease in force
intraoral air pressure were greater than levator activity generating capacity) was clearly evident with hand grip
levels observed during speech tasks. These results are maneuvers at 20% of maximum force with periods of
interesting in view of the fact that intraoral air pressure relaxation alternating with periods of muscle contraction.
needsfornormalconversationalspeecharegenerallybelow Above 20% of maximum force, the duration of each
20 cm 1O0. intermittent contraction was important for total endurance

These results may have different explanations (resistance to fatigue) but under 20%, the duration of each
depending on the type of neuromuscular control acting on contraction was less important.
the velopharyngeal mechanism. Forexample, the increases Bystrom and Kilbom (1990) provided additional
in levator activity in the blowing task could be related to informationaboutthe interactionbetween "intensity" (force
reflexive activity. In this fashion, following initial velar generation) and muscle contraction time. They also mea-
elevation, the levator muscle could be functioning in a sured handgrip force and included EMG recording of the
largely reative manner. This appears unlikely, however, extensor digitonrm communis as one index of handgrip
because levatoractivity rose at the onsetrather than follow- fatigue. They defined "local fatigue" on the basis of
ing intraoral air pressure changes and remained fairly combined measuresofbloodflowintheforearm, EMG, and
constant throughout each individual blowing maneuver subjective ratings. They found that at continuous contrac-
(see Figure 1). Therefore, although we cannot be certain tions of 10%, 25%, and 40% of muaximum voluntary
about a cause-effect relation, it appears more likely that contraction (MVC), local fatigue in the forearm was evi-
increases in levator activity in relation to blowing with dent. Intermittent exercises at 10% MVC with 2,5, or 10
different levels of intraoral air pressure are planned by the sec of relaxation alternating with 10 sec of contraction did
motor mechanism and do not rely on reflexive control, not lead to fatigue, nor did 5 or 10 sec of relaxation

Regardless of whether reflexive control or other alternating with 10 sec of contraction at 25% MVC. They
more automatic peripheral adjustments occurred, the leva- found the threshold of fatigue to be 16.7% MVC which was
toractivity levels forspeech in relation to the total range for the product of the time and intensity ratio. For example,
blowing suggests a relatively low effort on the part of the with contraction time of 7 sec and relaxation of 3 sec (7/
levator muscle during speech. This is consistent with the 10=.7) versus an intensity of 20% MVC, the product of
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these vdues equals 14% (0.7 X 20%) and is below the fatigue because of weaker velopharyngeal closur muscles
fatigue thrshold of 16.7% in their study. and other factors. It may be possible to raise the threshold

Obviously, the exact nmnbers as stated above, if of fatigue thereby utilizing amore suitable range of activity
they awe indeed valid, would vary depending on the muscles for normal speech purpos.
involved and probably many other factors as well. Robin, The current study will be extended using subjects
Goel, Somodi, & Liuchei (1992) observed a difference in with abnormal velophary•gea mechanisms to determine
entaumnce for tongue pressure against an air-filled bulb in wherein their total operating range levator activity for
tnrmpet players and high school debaters compared to speech lies. We also intend to explore the notion of
control subjects without rainig in those activities. Sus- velopharyngeal muscle fatigue thresholds in subject groups
rained tongue pressues were significantly longer at 25% with nomnal and abnormal velopharyngeal mechanisms
and 50% of maximun pressure for the experimental sub-
Jects. Robin et al. sugested that possible exercise-related Admkowedguet
changes in the proportion of fatigue-reistant muscle fibers Ti study was supported in part by PHS Research
brought about by trumpet playing and competitive debate Grants DC-00976, DC-0085, and DC-01015 from the
may have led to the observed differnces in endurance National Institute on Deafness and Other Commmication
times. Disorders and DE-10436 from the National Institute of

Thenotionofathresholdfatigue effect, depending Dental Research. We would like to acknowledge the
onboth time and force in relation to velopharyngeal control statistical support of the Biostatistics Core of the National
appears worthy ofexploration. A common anecdotal report Center for Voice and Speech and Wendy Edwards for her
by clinicians is that patients often have the capability of a i and graphics
producing asustained [s] orisolatedwords with no evidence
of velopharyngeal incompetency but that the competency Refeies
breaks down in connected speech, especially "casual"
speech. It is possible that such individuals may not neces-
sarily be 2dNlin a fatigue state but rather have developed a Barlow, S.M. & Abbs, J.H.(1983). Force transducers for
pattern of velopharygeal control toayoidafatigue state that the evaluation of labial, lingual, and mandibular motor
might occur very rapidly in the presence of increased or impairments. Journal of Speech and Hearing Re-
more sustained muscle force generation. Perhaps because search,26,616-621.
of weaker velopharyngeal muscles, these individuals may
have a lower threshold of fatigue than individuals having Bless, D.M., Ewanowskl, SJ., & Dibble, D.(1983).
normal strength and they may have developed a pattern of Velopharyngeal valving problems related to extensive
neuromotor control to remain below the fatigue threshold. playing of wind instruments. X/X Congress ofthe Interna-
In a recent study, Waen, Dalston, and Mayo (1993) tional Association of Logopaedics and Phoniaorics, Uni-
concluded that if the velopharyngeal port is open for an versity of Edinburgh, Scotland, U.X
inappopriately long time interval compared to normal,
hypernasal speech is likely to result. Their results and Bouhuys, A.(1977). The physiology of breathing (p. 279).
conclusion fit well with the concept expressed here with New York: Grime & Stratton.
regard to duration of velopharyngeal closure as affected by
a fatigue threshold. That is, one way of alleviating fatigue Bystrofi, S.E.G. & Kilboin, A.(1990). Physiological re-

* in velopharyngeal closure muscles is to avoid excessive sponse in the forearm during and after isometric intermit-
opposition to gravity and other forces that naturally tend to tent handgrip. European Journal of Applied Physiol-
open the velopharyngeal port. ogy,60,457-466.

Future studies are needed to help elucidate the
possibie beaeficial effects of resistance exercises such as Cook, C.D., Mend, J, & Orzalesk M.M.(1964). Static
CPAP therapy (Kuehn, 1991) and other therapeutic tech- volume-pressure characteristics of the respiratory system
niques designed to strengthen the velopharyngea muscula- during maximal efforts. Journal of Applied Physiol-
ture and possibly reduce fatigue effects. In speakers ogy,19,1016-1022.
exhibiting hypernasality, a reserve capacity for the levator
muscle may exist above that used for speech, as shown for Folkins, J.W.(1981). Muscle activity for jaw closing dur-
people with normal speech in this study. It may be possible ing speech. JournalofSpeechandHearingResearch,24,601-
for such individuals to tap into that reserve capacity with 615.
proper training procedures during speech. Also, speakers
exhibiting hypernasality may have lower thresholds of
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Absract components of the coordinative structure might be
The relative contributions of the levator veil articulators (e.g. the lip or the jaw) or muscles, and their

pulatini pakgosujs and palatoparyngeusucles were actions are nested within the overall goal of perceptually
assessed relative to a range of positions of the velopharynx adequate speech Output.
during production of the vowels [a] and [i] by four normal A aumber of studies have addressed motor control
adult speakers. The results Wdicate that velophwyngeal oftheswean latwithintheperspectives w
positioning is determined by the relative contributions of (e.g. Folkins and Canty, 1986; Foikins, Linville, Garrett,
thelevalorvelipaladni,i pmoglossusand pgeus and Brown, 1988; Gracco, 1988). However, with the

muscles. Th1 e was an increase in coefficients of determi- exception of a theortcal discussion by Folkins (1985),
nation (i.e. amount of closure level variability explained) control of the velopharyngeal mechanism has not been
when activity levels of all three muscles are included in the considered within this context. Within the velopbryngeal
statistical model compared to activity in any one muscle mechanism, a coordinative structure might be indicated by
analyzed inepmleady. Both consistent and inconsLtent interactions mong the velum and lateral pharyngeal walls,
relationships among activity levels in the three orinteractionsamongactivationlevelsofthevelarmuscles.
velophuyngeal muscles studied were observed across OnamuscularleveLthelevatorveipalatini, palatoglossus,
speaker and vowel produced. andpalatopharyngeusmightbe thoughtofasacoordinatmve

structure. While levator veil palatini muscle activity is
associated with velar elevation gestures, Fritzell (1969)

According to Bernstein (1967), a given motor task noted that the extent of vela elevau.-m and magnitude of
can be performed in a variety of ways. A change in activity levator veli palatini muscle activity was not always highly
of one structure in a system may induce variations in the correlated. Similarly, Kuehn, Folkins, and Cutting (1982)
activity of other structures to accomplish a desired task found in a study of oralized vowels and fricati.es that
The motor control system imposes constraints on the com- "levels of levator muscle activity independent of other

ponent structures to simplify the control p That is, muscle activity were not directly related to velar position"

function based interaction rules are establisbed. Fowler, (p. 30). Kuehn et al. suggested that a trading relationship
Ruben, Remez, and Turvey (1980) refer to such an interac- might exist among the levator veli palatini, palatoglossus,
tive system as a coordinative structure. In speech, the and palatopharyngeus muscles in positioning the velum.
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They pomulmd furthe that various combinations of activ- light detecting fiber placed above the veopharygeal poet
itylE tI duhee muscles might be associted with the same Photraduer output was them amplifred foreadc subject
vel posidomL to produce 0 volts during rest nasal breathing and a 2 volt

Although speaker may not vary the relative deflection during velophbuygeal closure for [i]. Because
comub m ofvlarandlateaml phuygeal wai movemem tbephottrsgxu ercmnotpovid absolute vedlopyngal
during multiple repetitus of a speech task the overall opening area, the range of closure was denoted as 0% (0
snmmt of closure used to produce a speech sample will volts) to 100% (2 volts).
oftem vay greatly from repetition to repetition. Suppos-
edy, the vrinom a in w uea opening interactwithi Elecwumi -rpy
changes in the impedance of the ora cavity to produce Following a light appliaction of topical anesthetic
desired percepts of nasality (vFkins, 1985). There is also (4% LUdocaine), bipolar hooked wire electrodes were in-
great variability in the size and duration of the burst of seoted into the levatow veli palatini, palasoglossus and
electrmyogrsplc activity recomded from the velamuAcles platoplaryngeus muscles on each subject's rightside. The
during speech. Typically, it is not possible to distinguish electrodes were constructed of 110 m stainless steel wire
which aspects of this variability in any one muscle ae (Medwire 316SS 3T) and were inserted using half-inch 30
related to variability in velar opening and which are related gauge hypodennic needles. Levator veil palatinielectrodes
to interactions among muscles to produce the sme move- were inserted at the dimple of the elevated velum in a
meat. posteror lateral, and superior direction, following the

Moon and Jones (1991) have shown that visual course of the levator muscle. Depth of insertion was
feedback can be used to teach speakers to control and vary approximately 10mm. Palatoglossuandpalaaopharyugeus
the amount of velopharyngeal opening used to produce a electrodes were inserted into the midportion of the anterior
speechsample. One advanageoftheirprocedumristhatone and posterior fancial pillas, respectively. Depth of inser-
can ensure that a range of velopharyngeal openings is don was approximately 3 mm. Spacing between all elec-
systematically studied. By manipulating the extent of trode pairs was approximately 5 mm. Verification of
velopharyageal opening, one could evaluate the combina- electrode placement in the levato veil palatini was made
don of velopharygeal muscle activity that may be asso- during production of [s]. Verification of placements in
ciated with a given velopharyngeal opening size. While palatoglossusandpalaopharyngeus was madeduring swal-
previous investigators have studied activation levels and lowing. Electrodes were repositioned or reinserted if no
ascribed roles to individual velopharyngeal muscles, there electromyographic signal was obtained or if the presence of
have been no systematic sudies ofinteractions between the artifact was observed during placement verification tasks.
levawr veli palatial palatoglossus, and palatopharyngeus
muscles. Such information is important to our understand- Speech Tasks
ingofboth nomal and ultimately dsordeedvelophuyngeal Each subject was positioned to view atwochannel
function. This study investigates relative contributions of storage oscilloscope. The target velopharyngeal closure
thelevaaorvellpilatink palatolosmmusandpalatoparyngeus level was displayed on one chanel. The amplified and low
muscles in positioning of the velum during speech produc- pass filtered (30 Hz) photoanuce output signal was
tion. displayed on the second oscilloscope channel. Both the

target and phototasduce signals were recorded on a
Metho" digital instruentation recorder (Sony PCI08M).
Subjeck Six speech conditions were employed: the vowels

Four young adults, three females and one male, [(] and [i] each produced at 25, 50, and 75% closure.
served as subjects forthis investigation. Allwerejudgedby Following the procedures developed by Moon and Jones
the experimenters to have normal resonance balance and (1991), subjects viewed the phototransducer output on the

articulation. None reported a history of speech, language, oscillscope andattempted to match the targetlevel through-
out the duration of each 10 second trial. The subjects weretrained in singing. instructedto pbona• the vowelnormaly for approximately
1-2 seconds and then to open the velopharynx to the target

Photobasduetlon level for the remainder of the trial. A minimum of ten

Velophaygealopeningandclosinggestureswem attempts were recorded within each condition.
transduced using the phototransducer system described by
Dalston (1982). A description of the specific device used AnalRsea
in this study is provided by Moon and Jones (1991). The reditiede usingrap0i samplingtra te,
transducer was passed transnasally and positioned with the signals were digitized using a 10 KHz sampling rate,figt eittng ibebelw te eloharngei prt nd he rectified, smoothed with a 40 ma time constant, and
light emitting fiber below the velopharyngeal port and t downsampledby afactorofeight. Within each trial, 625 ms
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segmens chmacurlzed by a stable rehotoranaduce signal in -aty instances. In 18 of the 24 cases (4 subjects x 3
wer extracted for analysis. The 625 ma time window was muscles x 2 vowels) less than 50% of the variability in
chesm to own that ectayguicactivity was also observed veiopharyngeal closure level can be explained by
relatively stable. Segments were chosen regardless of level of activity in any one muscle.
whether or amot he targe closure level was attained. That Examples of electrocmyographic data associated
is. the targe to were utilized only to elicit a range of closure with the best uad worst coefficient of determination for the
levels, and accuracy of target matching was nam a measured levator vei palatini during production of (ii ame shown in
variable in this study. The extracted segments, were then Figure 1. These examples are from Subject B and Subject
anlyzed to determine relative velopharyngeal cloomr D. It is clear traon the top panel that a relationship between
level In the 0 to 100% range and the average corresponding levaor activity and closure level exists. The bottom panel
activity level in each of the three velopharyngeal muscles, does notdisplay aclwly identifiable relationship. Itis also

Separateuanlyses weneperformed toreach subjec apprenttrm Figure 1 that subject did not denonstrate the
and vowel comtbination. The mtilyses, included iunvarlate stae range of closure levels. That is, while targets of 25,
and multivuaris regression analyses (response surface 50 aind 75% closure were presented to the subjects, some
anlyses) ofmuascle activation levelasatunctionofrelative (e~g. Subject D) had difficulty reaching the 25% level
closure level using linear, quadratic.. and interaction (in consistently.
multivarelae analyses) terms. Prior to analysis, the electro-
myographic dafta were normalized within each muscle for
each subjecL For example, the activation levels for levator 100
vell palatini during produc-tion of the vowel [o] by Subject
A were converted to percentage of maximum activation 80-
using the maximum raw activation level of levator during
normal production of that vowel by that subject as the
reference. 60-0 8

40 0

Univariar. 40lye 0 4
Subject-specific coefficients of determination (RIV

expressed as a percentage) and mean square errors we o 20-
shown inTablet1 for closure level regressed againsteach of IR-l1
the three muscles during production of [a] and [iJ by each 7j 2 11

subjecL With three exceptions out of 24, R 2 values for the > 0 I

full model (inear plus quadratic terms) are statistically
significant (p < 0.0001). However, the coefficients are low

Table . 0
Subs~~e~iuvanMe coeffimew o cdownmmuom (ft expresud 0

an a phrcestat) and - aum arme m for S damu level reVgrubCed0
M~ 0 AMuCk dwnsP0*d=o (roaia d ll 60* %%

LEVATOR 40-
A 30 38 430 85 22 08 96 94 41

C 46 44 540 572? 97 505 3847 118 811 65
0 69 87 91 39 1 59. 101 2220 -

PALATOGLOSSUS R2 = I ý59
A 96 94 80.32 1.6 37 103 '3

154 66 190.4 16 41 5180r,2 0 1 1
C: 42 20 58345 23.46 537,060 20 4 60 8 10
0 31 74 207.01 32 74 690 20 4 0 8 10

PALAOPHAMEUSEMG Level (% max)
A 54 99 278 50 35 49 8o0.01 16 82 3 4 9.20 1 7 1 609 1'ýC 0 6 7 1 002.60 11.69 619 6,
0 40 58 18020 34 88 66 Rpmu w1 DMa uee iwauliha n bMn (upper SabjetB) and worn (lower,
- 4S P > 0 000 Subj.ctdD) coeffla~usm odaamnummonfor kmator vekptz5.tiduring p I
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Mub"Hlafta -u" Using inverse distance interpolation, three dimen-
Suibject-speciftc coefficients of determinati (W2  sional mesh plots were generated frm relative cosur leve

expressed n a perentage) for the full multivariale model and electromyographic muscle activity data. F gure 2
ame preseu is Table 2. in addition, dhe contributions to shows a three dimensional mesh plot (left) and the uldi-
the coefficent of determination corresponding to the vidual data points (right) used to derive the mesh pOm.
pWdaF.sewfrorthsoflincaeffectsbesetofquadratc Figures 3, 4, 5 and 6 depict three dimensional mesh Plots
effects. mad the set of two-way interaction effectmae listed. from each subject for the two vowels. Because the intera-
Coefflciamwofdewmnination for the full model are signifi- dions among all three muscles and closure level require four
cant (P < 0.0001) for each subject. The contributions of the dimensions and thus canno be displayed on a three dimen-
linew mrn are significant in all eight cases (2 vowels X 4 sional graph, each Figure contains the three. combinations
subject). The contributions of the quadratic terms to the of muscle piu
model we significant in seven of the eight cases. The
hntraction turn is significant in four of the eight casm.
Since each set of terms is significant in at least half of the
cues, they ameallretainedin the fInal model for ali subjects
regardless of their statistical significance. However. it is
clea frirn Table 2 that the linear turn contributes most to
the overall coeffcient of determination for each subject .'0-
within each vowel. The exception is the quadratic term for 2080"

Subject B producing [a]. On average-, the quadratic and .1 Qf

two-way interaction teams account for only 2.6% of the
variability in closure level. Figr 2. lb.. dommawm meak pksof Uva 1eomte wU ow piew -

p.,gW&"k for~bJwcI Iprakt ichg (10~) a.d -Aidvmu diva p-Wa
(nght) uand to deine meakplot.

Table 2L
Su 4i-peciflc auaivwiuaw regmic: COuMPouuat ott

auffaideu. of dwmuima~ia (W .zwremd a a urawacm) aed Figures 3 through 6 clearly illustrate both similari-
- po o, wn for eaachr don"e f~as OW (i ties and differences in the nature of the influence of each

muscle relative to the other muscles as a funiction of subject
i30.ji1 ~ f*. ~q,.c R2. and of the vowel being produced. For exunpWe at the top
A -1 L uada 0C 25 ercto 9,,, M left of Figure 3, essentially unchanging levels of activity in

8o~ 26 10 75.20 osa the levator muscle areassociated with decreasing levels of
7 6,90 1.ý7 0 34. 7871 64 72 palatolosssactvityuclosurlevelincreaseforprduc-

don of [a] by Subject A. The bottom graph shows decreases
inbothpalatoglosusandpalatophayaygeus with increasing

ic 
2 
ncrel ttl~closure level.

Subtct i- _MLIn Figure 4, a different activation pattern is oW
A631 4 72 7.10 7813 29 25

1 7$ 0 2051B3 36. 78.27 3.05 2.29 83.62 107.61 served for [a] (left side) compared to the other subjects.
D 61 06 2 26 1 5. 64,84 37 73 Here. levator, palatoglossus and palatopharyngeus muscle

activity all appear to increase as closuire level increse.
itsp P> 0.05 This subject (Subject B) also displays more similarity in

activation pattern between the vowels [a] and [i] than the
other three subjects. Like Subject A., activation patterns for

For eah subject. the percentage of previously Subjects C (Figure 5) and D (Figure 6) also differ as a
unexplained variability (from best muscle in univariate function of vowel produced.
analysis) captured by the multivariate analysis was as- A more systematic interpretation of muscle inter-
sessed. For [a], these values are 36.5%, 35.6*, 73.6%, and actions displayed graphically in Figures 3 throgh 6 was
29.34% for subjects A to D, respectively. For [i], the values accomplished using the signs of each of the parameter
are 66.1%, 12.9%, 34.4%, and 46.0% for subjects A to D, estimates (linear, quadratic, and two-way interaction) of the
respectively. Similarly, reductions in mean square error multivariate model generated for each subject and each
can be observed by comparing the multdvariate model mean vowel. Linear terms include LEV (levator), PG
square errors in Table 2 with the univariate results in Table (palatoglossus), and PP (palatopharyngeus). Quadratic
1. It is evident that the multivariate mean square error terms include LEW2, PG2, and PPI. Two-way interaction
values for any subject-vowel combination are consistently terms include LEV*PG, LEV*PP, and PG*PP. Regardless
lower than all of the univariate mean square errors for that of subject or vowel, parameter LEV is always positively
subject and vowel, related to velopharyngeal closure level. Of additional
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Harris, Sholes, and Dooley, 1970; Seaver and Kuehn, 1980;, coordinative structure concepualizaton of velar muscle
Kuelm et al., 1982) that activity levels in mare than one activity for positioning of the velopharyngeal mechanism.
velar muscle must be taken into accoumnL The results of the The paaee estmates of the multivariate model reveal
present study cannot, however, be taken as a lack of support simnilarties and differences across both subjects and vowels
forearly charcterzations (Fritzeil, 1969; Beil-Berti, 1976) thatmay provide insights into the nature of the coordinative
of the levato muscle as the primary muscle involved in structure framework.
velar elevaio. Based on anatomical position alone, Regardless of subject or vowel, the liea param-
velopharyngeal elevation must be greatly influenced by eter estimate for the levator muscle (LEV) was always
contraction of the levator veil palatini. The results of the positively related to velophaiyngeal closure level. Th'is
present investigation do suggest, however, that the levator should not be surpriing given previously published data
muscle performs as one element of a coordinate structure regarding the role of levator and given our knowledge of its
of at least three velopharyngeal muscles. Within this anatomical positio. That is, its anatomical position in
framework, position control of th velopharyngeal mecha- normal speaker is conduc~ive to vekr elevation upon
nism is flexible in that it allows for varying combinatons contraction. However, earlier investigators (Fritzell, 1969;
of muscle activation among the constituent muscles. Kuehn, Folkins, and Cutting, 1982) suggested that velar

It is evident from Figures 3, 4, 5 and 6 and the position and magnitude of levator muscle activity do not
multivariate analysis that muscle interactions vary both appear to be directly relatecL This conclusion is supported
across subjects and vowels. The amount of variability in by the univariate and multivariate analyses conducute in
each muscle' s contribution to velar position is also evident this study.
from Table 1, where univariate coefficients of determina- Our results show that the contributions made by
tion range from less than 1% to 87%. However, the the palatoglossus muscle to the multivariate model appear
multivariar analyses substantiate the importanc of a to be vowel specific. In addition, its contribution is more
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vaiable than that of the levator muscle. During [i], the effects of competing activity associated with tongue
palmglJous activity was negatively related to closure elevation, or that we have not sampled all of the activity in
level for aUl four speakers. For [o] the reationship was the three muscles. It might also indicate that activity levels
mixed; positive for two speakers and negative for two in other muscles (e.g. musculus uvulae, superior constric-
speakers. These observations rise questions regarding the tor, and perhaps the more transverse fibers of
effects of competing activity (.e., tongue elevation and palatopharyngeus) play a role in velar positioning that
phayngeal wall positioning) on the nature of coordinaive becomes more important during certain vowels. Of course,
structure interactions within the soft palate. Production of we can only speculate on the possible influence of these
[i] requires elevation of the tongue whereas production of additional muscles. However, Fritzell (1969) alluded to the
[a] does not. Conraction of the plaaoglossus muscle to possible influence of superior constrictor activity on
produce upward movement of the back of the tongue for [i] velopharyngeal closure and the consequence of increased
would be expected to produce a downward pull on the soft superior constrictor activity on the relative influence of the
palm. One might speculate that less palatogloum activity levator muscle in some subjects. While Kuehn, Folkins,
occurs at higher velopharyngeal closure levels because a) and Cutting (1982) observed that superior constrictor was
the elevated tongue position can be maintained at least in active for all speech sounds studied, they were unsure
part by mechanical linkage forces, and/or b) increased whether the magnitudes of activity seen were "sufficient to
palatoglossus activity in association with increased levator contribute in a substantial way to the interaction of forces
activity mightmove the back ofthe tongue too high. During for velar movement" (p. 34). Regarding musculus uvulae,
[a] however, the consequences of increased palatoglossus Kuehn, Folkins and Linville (1988) proposed an extensor
muscle activity and its interaction with levator muscle role. That is, contraction of the musculus uvulae was
activity are not as important. That is, more variability in proposed to exert a compressional force along the top side
tongue back positioning might be tolerated during [o). of the velum which would tend to straighten the curved
There may be support for this notion in Table 1, where velum. Such a straightening gesture could be used to
univariate coefficients for palatoglossus are substantially modify velar position in a manner unaffected by changes in
lower for [i] for three of the four subjects. Further, three of activity levels ofthe levatorand palatoglossus musculature.
the four subjects revealed partial F statistic values from the However, Kuehn et al., (1988) found musculus uvulae
multivariateanalysis forthepalatoglossusmuscle thatwere activity to be highly correlated with levator veli palatial.
muchlowerfor(i] than for[a]. Inotherwordspalatoglossus Finally, the contribution of palatopharyngeus
appears to divide its role during [i], and may be less of a muscle to the multivariate model may also be important in
factor for this vowel, the positioning of the velopharyngeal mechanism.

If the palatoglossus muscle has little influence on Palatopharyngeus activity during [i] was always negatively
velar positioning during [i], one must ask whether the other related to closure level. It is of interest that the nature of
muscles have more influence relative to their performance palatopharyngeus involvement as a function of vowel tends
during [a]. The results of both the univariate and multiva- to parallel that of palatoglossus even though
rate analyses do not provide convincing evidence of this. palatopharyngeus would not be expected to be involved in
The univariate analysis revealed a greater influence of tongue elevation. It is also of interest that, during the
levator during [i] for only one of the four speakers. The production of both [i] and [a], the LEV*PP interaction term
partial F statistic values from the multivariate analysis were in the multivariate model was always negative. In contrast
greater for levator during [i] for only two of the four to the positive LEV*PG interaction, this interaction may be
speakers. However, the interaction between levator and interpreted to indicate independent influences of these two
palatoglossus muscle did change as a function of the vowel muscles on closure level.
produced. For [i], the LEV*PG interaction term was always The results of this study are in partial agreement
positively related to closure level. During [a] the relation- withearliercharacterizations of the role ofpalatopharyngeus
ship was again inconsistent. One might interpret the during speech production. Fritzell (1979) suggested that
positive LEV*PG term to indicate that the levator and palatopharyngeus activity was associated with narrowing
palatoglossus muscles were not working independently ofthepharynxduring[a]. As was the case with palatoglossus
during this task. That is, for a given level of closure, the activity during tongue elevation for [i], one might charac-
interaction suggests that greater levels of activity were terize narrowing of the pharynx for [al as a competing
observed in the these muscles than would be expected had activity that would affect the interrelationships among
the muscles been working separately. Finally, the multiva- these muscles during the production of [a]. However, we
riate coefficients of determination during [i] tended to be observed that palatopharyngeus was always negatively
lower(withoneexception) than thoseobtained for (a]. That related to closure level during [i], but its relationship to
is, less of the variability in closure level could be explained closure during [o] was variable. It is difficult to explain this
by activation levels of the three muscles and their interac- observation using the same arguments presented in the case
tons during [i] than during [a]. This may have been due to of the palatoglossus muscle. However, it could be argued
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dta, for these four subjects, palatopharyngeus plays less of Jour 1985; 22:106-122.
a role in veloplayngeal positioning than do levator or

-alatssus. Folkins J, Canty J. Movements of the upper and lower lips
To summarize, control of position of the during speech: interactions between lips with the jaw fixed

veloplinyngeal mechanism can be explained using a at different positions. Jour Speech Hear Res 1986; 29:348-
coonaive sucture notion of muscle interaction. Activ- 356.
ity levels of individual muscles alone do not account for
velarpoeitionaswellas the combined interactive activation Folkins J, Linville R, GarrettJ, Brown C. Interactions in the
levels of the levator. palaoglossus, and palatopharyngeus. labial musculature during speech. Jour Speech Hear Res
Multivariate models depicting the role of each muscle and 1988; 31:253-264.
their interactions in veloparyngeal positioning during the
tasks studied bete allow for a description of such interac- Fowler C, Ruben P, Remez R, Turvey M. Implications for
tions. Interactions among the levator veli palatini, speech production of a general theory of action. In:
palatoglossus, and palatopharyngeus and velopharyngeal Butterworth B, Ed.. Language Production. New
closure level were observed in the data that describe the York:Academic Press, 1980.
complexity of control of the velopharyngeal mechanism
that was once assigned exclusively to the levator veli Fritzell B. The velopharyngeal muscles in speech. Acta-
palatial muscle. It is clear from our data that there may be Otolarygol. Suppl 1969; 250:1-81.
some consistent relationships between velopharyngeal
muscle activity and their interactions and control of the Gracco V. Tuning factors in the coordination of speech
velopharyngeal mechanism. Some of these relations may movements. Jour Neuroscience 1988; 8:4628-4639.
be associated with anatomic positioning (i.e. levator veli
palatinimusclealwayspositivelyrelatedtovelarelevation) Iglesias A. Kuehn D, Morris 11 Simultaneous assessment
while others may be related to the relationship between of pharyngeal wall and velar displacement for selected
velopharyngeal movement and movement of other speech speech sounds. Jour Speech Hear Res 1980; 23:429-446.
articulators (i.e. palatoglossus always negatively related to
velopharyngealpositioningduring [i]). Itis alsoclear from Kuehn D, Azzam N. Anatomical characteristics of
our data that some variability in muscle activity and their palatoglossus and the anterior faucial pillar. Cleft Palate
interrelations also exist. Between speaker variability may Jour 1978; 15:349-359.
be due to variations in anatomical positioning of the muscles
(Kuehn and Azzam, 1978) affecting relative force levels or Kuehn D, Folkins J, Cutting C. Relationships between
simply to motor system variability common to all con- muscle activity and velar position. Cleft Palate Jour 1982;
troiled systems. Additional investigations are underway to 19:25-35.
further delineate relationships among velopharyngeal
muscles during speech production. Kuehn D, Folkins J, Linville R. An electromyographic
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Abstract Laszewski, 1956; Logemann, Fisher, Boshes, & Blonsky,
Weakness and fatigue of the speech production 1978; Morrison, Rigrodsky, & Mysak, 1970; Solomon &

system may contribute to articulatory imprecision and Hixon, 1993; Tanner, 1976). Logemann, Boshes, and
timing difficulties in the speech of people with Parkinsons Fisher (1972) reported that articulatory errors were due to
disease. Nineteen individuals with Parkinson's disease and inadequate constriction or occlusion of the upper airway.
19healthymatchedcontrolsubjectsweretestedforstrength Their analysis revealed a "sequence of articulatory de-
and endurance of the tongue. Tongue function was evalu- generation" from posterior toanteriorplacements of articu-
ated by the Iowa Oral Performance Instrument, a pressure lation with disease progression.
sensing device. In addition, speech was evaluated for Another aspect of speech that can be abnormal in
articulatory imprecision, overall speech defectiveness, and this population is speech rate. Speech rate may be too fast
speech rate. Subjects with Parkinson's disease were found (Hammen, 1990; Hammen, Yorkston. & Beukelman, 1989;
to have lower tongue strength but comparable tongue Hanson & Metter, 1983;Tanner, 1976; Yorkston, Hammen,
enduance when compared to matched control subjects. Beukelman, & Traynor, 1990), too slow (Anthony &
The contributions of peripheral and central processes of Farquharson, 1975; Boshes. 1966; Kammerneier, 1969;
fatigue are discussed in light of the present findings. The Peacher, 1950), variable (Critchley, 1981; Darley et al.,
subjectgroupsdidnotdiffersignificandy foroverall speech 1969; Ludlow & Bassich, 1983; Metter & Hanson, 1986),
defectiveness or interpame speech rate, but the speech accelerating (Critchley, 1981; Hirose etal., 1981; Streifler
articulation of the subjects with Parkinson's disease was & Hofinan, 1984), or normal (Alp, 1988; Pitcairn, Clemie,
perceived as less prcise than that of the control subjects. Gray, & Pentland, 1990). Individual differences between
Because most of the subjects in this investigation had speakers appear to be the rule (Canter, 1963).
perceptibly normal ormildly disordered speech, apotential The clinical characteristics of rigidity and
relationship between tongue function and speech profi- bradykinesia have been hypothesized to account for the
ciency could not be examined adequately. predominant articulatory and temporal abnormalities in

Acommon characteristic of the speech disorderof Parkinson's disease (Hunker, Abbs, & Barlow, 1982).
Parkinson's disease, hypokinetic dysarthria, is imprecision Increased background muscle activity in lip muscles has
ofarticulation (Canter, 1965; Chenery, Murdoch, & Ingram been reported as evidence for rigidity (Hunker et al., 1982;
1988; Danley, Aronson, & Brown, 1969; Ewanowski, 1964; Leanderson, Meyerson, & Persson, 1972; Marquardt, 1973).
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RigityoftnisassmedtocausehypokinesiamParkinso's mal effort using a dynamometer, averaged over 2 trials)
disease, but this concept has been challenged (Caliguiri, between 21 subjects with mild Parkinson's disease and
1987). The preence obradykineslain the orofacial system normal subjects. However, the subjects with Parkinson's
has not been establisied definitively. Although selective disease demonstrated significantly decreased maximum
reductions in lip and/orjaw displacementand velocity have isotonic muscle strength of the wrist, arm, and knee.
been repored in people with Parkinson's disease during measured by averaging the second, third, and fourth reped-
speech (Caligiuri, 1987; Conner. Abbe, Cole, & Gracco, tions of maximal extension/flexion movements. The au-
1969; Fonmst, Weismer, & Turer, 1989; Hunker et al., tbors concluded that the subjects with Parkinso's disease
1982), the reationship between displacement amplitude were weaker than the control subjects, but only for repeti-
and velocity has been demonstrated to be normal (Forrest tive tasks. Similarly, Tzelepis, McCool, Friedman, and
et al, 1989). Although the mechanisms for movement Hoppin (1988) found that 9 subjects with mild to moderate
difficulties in the orofacial system are unknown, the tongue Parkinson's disease were not impaired for single maximum
appears to be affected for speech. Acoustic data indicate efforts but were impaired forrepetitive efforts involving the
tha the center frequencies of vowel fonnants may be respiramoy system.
abnormal (Tanner, 1976)ortheextentandspeedofformant Contrary to these findings of normal isometric
transition awe reduced for speakers with Parkinson's dis- strength, Yanagawa, Shindo, and Yanagisawa (1990) re-
ease (Conner, Ludlow, & Schulz, 1989; Forrest et al., ported decreased maximal strength, measured as maximal
1989). torque produced by voluntary ankle dosiflexion, in 15

In addition to the classic motorsigns of Parkinson's subjects with mild to moderate Parkinson's disease. How-
disease, weakness and fatigue of the speech production ever, normal torques were obtained when the common
system may contribute to articulatory imprecision and peroneal nerve was electrically stimulated. Because weak-
timing difficulties. A small number of studies have found ness was apparent with voluntary activation but strength
reduced tongue strength or endurance to be related to was normal when the muscle was activated involuntarily, a
speech disorders in populations other than Parkinson's central rather than peripheral mechanism for muscle weak-
disease. Children and adults with a variety of articulation ness was indicated. These results indicate that muscle or
and fluency disorders (Palmer & Osbom, 1940) and adults joint stiffness did not contribute to demonstrated weakness.
with amyotrophic lateral sclerosis (Dworkin, 1978; Dworkin, We are aware ofonly one study thatsystematically
Aronson. & Mulder, 1980) have demonstrated lower than examined endurance in Parkinson's disease. Koller and
normal tongue strength. Children with developmental Kase(1986) definedenduranceasthenumberof repetitions
apraxia of speech were found to have normal tongue of maximum extension/flexion movements of the wrist.
strength but reduced tongue endurance (Robin, Somodi, & arm, and knee to fatigue or until only 50% of the maximum
LuscheL 1991). strength could be generated. They found that endurance

Weakness and fatigue have been recognized as was greater for subjects with Parkinson's disease than for
common symptoms of Parkinson's disease as early as its control subjects. This measure of endurance is difficult to
original description by James Parkinson in 1817. However, interpret because the level of force (strength) and the rate of
the few objective studies of muscle strength and endurance repetitions (movement velocity) can differ between sub-
in Parkinson's disease have provided equivocal results. jects. Case study reports have clearly indicated z progres-
Wilson (1925) provided examples of reduced strength in sive decline in muscle strength over time that is quite
various muscles of a few people with parkinsonism, but different than that seen in healthy subjects (Schwab et al.,
indicated that the more pervasive problem is slowness of 1959; Wilson, 1925).
muscle contraction and relaxation, and the inability to Examination of strength in the orofacial system of
maintain contractions. Schwab, England, and Peterson people with Parkinson's disease has been reported in a few
(1959)argued that weaknessisnotaprobleminParkinson's case studies. Barlow and Abbs (1983) described a subject
disease, becausenormalamplitudesanddirectionsoffmger with PD who did not demonstrate tongue weakness but
movements were achieved voluntarily ("voluntary exhibited instability in maintaining a adly force during
ergogram" from the first dorsal interosseous muscle) with tongue elevation. Dworkin and Aronson (1986) reported
adequate motivation, and normal movement was elicited lower than normal maximum tongue "strength," measured
from electrical stimulation of the samemuscle ("electronic by calculating the area under a force curve, in one subject
ergogram"). Again, they noted that endurance was a with Parkinson's disease. Lip weakness has also been
primary problem. reported in Parkinson's disease (Netsell, Daniel, & Celesia,

Saltin and Landis (1975) reported that maximal 1975;Wood, HughesHayes, &Wolfe, 1992). Netselletal.
isometric strength of the ankle and knee flexors was similar (1975) studied muscle activity of the upper lip in 22 people
for 6 subjects with moderate to severe Parkinson's disease with Parkinson's disease (some of whom had been treated
and healthy control subjects. Koller and Kase (1986) also with thalamic surgery) and reported evidence of weakness
foundnodifference forisometric hand grip strength (maxi- (reduced amplitude and duration of electromyographic
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activity) in at least one representative subject. Wood et al. Tai.
(1992) used a labial force transducer to assess maximum D• Mmm fo =b" wih Pwb.x ...
force generation amd found weakness of the lower lip, but i __ludog MV of,&MM A Ya.r. 196A m&. aps wo,,.
not the upper lip, in 10 subjects with Parkinson's disease, 8 -ad WOK.-. mW fo do oiced caxnw/ ,aag. admchai age..
of whom had dysarthria. We ar unaware of studies that 't --- Iad WIL Subjms wm m.Mid f- .a
examined endurance in the orofacul system in people with VA.l,, NAN I ,•FNAE •-COIRL

datceU0n'tdnsase. Stptot we " _ t_ _ W" - W 9%--l H4ghi

endurance of the tongue and hand in 19 people with mild to A I F 54 75 175 55 7t 1.3

modete idiopathic Parkinson's disease and 19 control 8 1 F 72 70 W, 72 75 58

subjects miatched for physical characterstics. Assessing C I M .4 lon o 5 b2 ,l ,
hand function was deemed informative as an indicator of L 2 F 4 9 .,- 9 1.3

general muscle functioning. Individuals with Parkinson's E M 58 i99 ,ss b 1 S0 163

disease may demonstraue differential impairment of the F 2 F 61 79 SO 55• 7 Ito
extremities and midline structui . The extant literature in
Parkinson'sdiseasehasnotaddressedspecificallyorofacial 2 F 76 3 oo 159

strength and endurance in relation to speech. To address 1 2 % 72 59 b4 7 173

possible relations between general tongue function and , 2 9•- 4 72 97 b 97 173

speech production, speech samples from the subjects were 2 91 59 7 85 • 97 17

evaluatedbyexperiencedspeech-language pathologists for K 2 %1 73 7, 1.41 -" 183

severity of articulatory imprecision and overall speech L 2 ; - I, '41 -. I ,,
defectiveness. In addition, speech rate was calculated from N 25 4• 5 78s 173 49 ý.. I I

an acoustic record. 2; F .4 A7 !,; nO .5 103

35 M! 7 ; :70 -, 178

MeAWd P 25 M 66 76 78 65 76 183

Subjects ,-.. - ; 7
Subjects were 19 adults diagnosed with idiopathic R I ; 7, 1 14• 1,,

Parkinson's disease recruited from the Movement Disor- M 173 -7 1n 7'4 "5 , 7' j
den Clinic at the University of Iowa Hospitals and Clin-
ics.' 2 Individual datapertaining to physical characteristicsand disease severity for the subjects with Parkinson's Inaddition,subiectswerematchedascloselyaspossble for
disease are provided in Table 1. The subjects with Pa mild weight (all we-. within 5 kg with the exception of subjectmdiserasewestgsofiParkin s dsle1.T easubjecas judged on ad pair 0) and height (within 10 cm except for subject pairs Ato m oderat e stag es of Parkinson 's disease as judged on a an R) Th s v ri b e h ve e nfo d to c r l te w h
modified Hoehn and Yahr scale (1967; Fabnetal., 1987) by andR). These variables have been found to correlate with
a neurologist on the same day as data collection. Mild strengthinvario skeletalmuscles(Burke, Tuttle, Thomp-
disease (Stages 1 or 2) was present in 12 subjects, mikl-to son, Janey, & Weber, 1953; Collumbine, Bibile,
moderate (Stage 2.5) in 5, and moderate (Stage 3) in 2. The Wikramanayakc, & Watson, 1950; Larsson & Karlsson,
subjects had no neurologic or speech disorders other than 1978; Petrofsky & Lind, 1975; Robin, Somodi, & Luschei,
those associated with Parkinson'sdisease. Sixteen subjects 1991). Control subjects had negative histories for neuro-
with Parkinson's disease were taking antiparkinsonism logic, speech, or language disorders, and were not taking
medications although none experienced clinical fluctua- medications that would affect motor performance. All
tions in their motor signs. Unfortunately, we were not able subjects spoke General American English as their native
to coonlinate data collection with the drug cycle because of language.

scheduling constraints.
Nineteen neurologically normal adults were re-

cruited from the community to match, one-to-one, subjects was used to assess strength and endurance. The tIOP has
with Parkinson's disease for sex and age (within 3 years). been described in detail previously (Robin et al., 1991;

Robin, Goel, SomodL & Luschei, 1992). In brief, the IOPI
,I our or* prmntation of ftm dab (Lorll, Solomon, Robin, measures pressure exerted upon a small, air-filled bulb, and

Somoi, Luech,,, & RoMn*tzk, 1992), 23 sutbic were in~ud•d. For this final displays the result digitally (in kPa) or by amulti-light LED
wel", 2 su* wwo iimblmlaed b Engleih wM not fti fret lqlnUae, display. For the tongue, a small plastic bulb is placed
I lorhlwn~ahoqle~/dnq auw and1 fo bQ':•in ameds Mpeolfthdiseum1 in A YhW, SUp 4e. against the hard palate immediately posterior to the alveolar

Tm of twe sibject wee deuribed preoue in a preminwy ridge, and the subject pushes against the bulb in a rostral
Mt (uec P-L (rMm. & aind P-0 (Urs. H.); Solomon t al., 1993]. direction with the anterior portion of the tongue dorsum.
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TANI 2.measuring the acoustic waveform with the C-Speech soft-
Itoosfo seo T nubsoc oft eda hok o i wareprogunfor pesonal computers(Mileakovic &Read,
sojf wi Fo~os iem e d 09 old=a 1992). The duration of speeac, with the exclusion of pauses

I'ARINI)N' D1;I: sl'CONROL> 250 ins, was determained. The number of syllables was
divided by the duration of speech This procedure resulted

Subleict Strength lkl'a Cn~urtince 1,1 mrr.ring (1,1a) E~ndurance~ Ns nam aueo it.wm ~a,.'i, i
____ Tongue Hand Tonettu fH16 Tiingiuý Haind Tongue~ LHI4 i amaue f"mdpos pec ae

A 71 117 12 42 b5 119 26 75 Sttstical Aalysk
B 65 158 37 84 76 1210 24 34

C 88 1681 15 28 70 196 18 8 Arepeatedmueasuresmultivariale uaaysisof vai-
D 70 lot, 30 :52 03 128 53 40 amcewith one within-subjects factorwas usedtomanslyze the
E 84 186 32 ;b SO) 224 33 50 strength and endurance data Two variables were included
F 64 115 30 so 73 12b 37 54 in the analysis: structure (tongue and hanid) and function
* 60 118 24 127 71 151 30 53 (strength and endurance). The within-subjects factor was
H 53 83 11 39 7-8 121 17 62 subject group (Parkinson and contriol). This analysis al-

1 63 191 30 12 64 115 17 70 lowed for paired comparisons of matchied subjects. The
7 12 151 24 31 so 156 15 21 Wilcoxon signed-rank test was used to test for differeces

K 381 139 49 23 b4 157 16 35 between paired perceptual judgements of speech (equal
L 70 112 45 83 53 169 43 60 judgements for a pair were considered missing data- a

M 66 158 0 30 09 I,) 2 94 correction was conducted for tied ranks). Speech rate
N 30 104 4 49 b62 ISO 42 55

0 75 182 18 35 7 Ž 20 38 45 between pairs of subjects was compare with a I-sample t-
1' 57 120 39 144 ; 7 193 25 90 test for paired data (2-tailed probability). For all analyses,
Q 29 149 5:5 52 ; 0 126 32 30 a probability level of 0.05 was assigned.
R 26 143 23 ' ~ '0 IQ, 51 60

M 59.3 1374 2b.4 524 ,9.3 1565 297 51.7 Measmeof tongue and band strgth and endur-
ý;D 181 31.1 14 2 144 106 34 1 11.7 21.0 acforeaclsubjectaleproidinTable2. Astatistically

significant difference between the subject groups was
For the hand the subject grips a hand bulb which is placed reaizedwbejnfl variables were considered IE(2,17)m4.393;
in the palm of the preferred hand. 11-0.029]. The difference was due to strength

Tomeasuremauimum strenigth, subjects squee--d [Ij7-4-645; a-i0-0251, not endurance [E(217)=0.359;
thebulbashardaspossible. The best of two trials was takenl 9-0.7041. A sigzaiflmt difference between the structures
as the maximum. Hand strength was determined tlint, then (hand and tongue) was found for both strength and endur-
tongue strength. Following the maximum strength mmm-~t ance WE2, 17)-121.9; A=0.00011; both were greater for the
vers endurance of the hand and then the tongue (one trial_ _ _ _ _ _ _ _

each) was measured. Subjects were instructed to maintain
50%oftbemaximumpresmsuailongaspossible. ThCLED
display on the ION! was used forvisual feedback and verb~al
encouragement was provided. Trials were timed with a
stopwatch, and were terminated when the subject abruptly Ca 3
dropped the pressure or when 50% of the maximum pies- 3 2

sure could not be maintained. u10
A speech sample was collected from all 38 sub- ac

jects. Subjects described the Cookie Theft picture from the ~ -0-I

Bo0sttu Diagnosic pai xmntn (Goodglass &2
Kapln, 1983). Later, asegametofeach speech sample was R N K MO0 S 9GF 1M IPA

SUBJECT PAIRrecordled onto another tape in random order. Pour speech- Fagw' 1. Diffwawd ar "mg-. arn., (prvaswz in kPa) pkoaud for
language pathologists with 5 or more years of clinical owhdpsfsabjaes(CouwI-Pwthum) PawW ed~erwexWa nicate
experience (not the investigators involved in data collec- MateuibWnjectszex~bitedgreatrpressuresthwsd~dsubjeauwith
tion) rated the speech samples for articulatory precision and Parklm". disetue
overall speech defectiveness on a six-point scale (0-nor-
mal, 1=mild, 2-mild-to-moderate, 3-moderate, 4=moder- %loseswe of epeech rite theaticlude pause may pr~ovd more
ate-to-severe, 5-severe). Judgements by the 4 listeners meabt*V k*uMditic the Spad of Speech aftWionM OWu df pause We
were averaged to provide a single numeric result for each kWWMd~ (Alp, 1996; HMMsn 16OR Matter & HWansn 19K8; TO & Goft 1966).
speech sample. In addition, speech rate was determined by Aecat studies in Pawldnso's dbmses hav aiccidad pemoses from mosures of

speech Wet (Huemen, 199W; Solomo & HWon, IM9).
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40 ftmthat for the matched control subjectL Mw data were

differences. Thereforte, tO ubjctrdeksdiffent r the

most of the data we positive (i~e., die control subject had
0 greater tongue strength than the matched subject with

uz i l Prd m disease). For tongue enudmmce (fgure 2), the
z darwe more evenly split between positive and negative
S -2 0 

d f e e c s~ rThe results for the "ya of speedcnm provided
I in able3. Average judgesnents by the speech-language

SUBEjCT PAIR pah gssidicated that artlculamey imprecision and
oveallspechdefeoctivenes were not present (i~e., were

Nom .w DUWVW 1 ina SOWuu (&Mrkim lsa) 00tdf~Or mmnmal)jor were mild for all but 2 subjects with Parkinson's
11,1111111111ied 1111116 of1111,11iftdisease (Parinsmon subjects R and S). Atitcflatory inapre-

=iubj~ W" pa"M -8 . cision was slightly but significantly greater for the subjects
with Parkinson's disease (Y-35, n=15; ZR-1.65, Slo0.049,
after correction for tied ranks). No difference was revealed

band. However, the interaction between subject group sand for overall speech defectivenes (Y.=63, 1r17; ZpuO.88,
structure was not significant [E(217)w0.524; i8-0.6011, po.inO1SS after coirection).
indicating thot the structre were not affected differen- Inpcinof Figures 1 and 2 reveals that severity
diaily for the subject groups. of disease (Table 1) did not relate systematically with

Dlfferencesbetwenmuatched pars of subjects for measures of strength or endurance for these subject (Note
tongue strength we illustrated in Figure 1, and for tongue placement of Subjects A, B, and C, the most mildly
endirnuice in Figure 2. In the graphic displays the result affected and Subjects R and S, the most severely affectaid,
for dhe subject with Parktinson's disease was subtracted on the graphs.). Similarly, severity of speech disorder

A3

Tawk3 *0 so

70 670 :bao.aaa. mmd ovemi spee ddlcisocy, and atni MI P
40

, 40 - P 0p
PARKINSON'S D)ISEASE CONTROL -s,* P ~

30 P 0

Subject Articu- Overall Interpause Articu- Overall Interpause 20 ,20
lation Speech Speech Rate~ lation Speech Speech Rate 10, 10

(Syl/SI tsyI/s) ___________________ 0
0.0 0.5 1.0 1.3 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 5.0

A 0 0 3.96 0.50 0.25 481 ARTICUL.ATORY IMPRECISION OVERALL. spEtcC DEFICIENCY

B 1.25 1 50 1' ;1 0 7r 470 Figure3 Tougumsfrig*kqmwmupraaurv)foraubjectwAsParinem s
C 1.0 1.50 1: 025 0.75 5 11 &am ('P) Md CM& mkf (C) pbowd aga* affq. pwqt
D 0 0 419 0 0125 3.91 judga.00av dfwd&Wku7aov rqnie.m (A) Evid M*iw mil p dekkmc,
E 0 0 4.43 0.5 0 3.83 (B);O0= xowuu4zaI wX2 mWM-Wmafderdft 3mnodevaLa
F (0 0 1;04 100 0715 5.12

G 0.75 0.50 4 25 025 075 5.31 AGO ____________ __________so____

* 0.5 075 41F 025 1.00 3.23 - 5
1 0.75 0.25 31-1 0.75 1.00 4.60 so5 C

0.75 0 430 (075 0.25 4.53 - C C

K 125 1.00 4.17 .' 0.25 3.78 4

L 1.00 150 52 Q 0 4.79 ~ 30 3CP 0 J

C C P PC p

20- 20

0 5o 0.25 I. 49 050 496, '0 10 P P1' 0.50 0.50 5 . 1 25 1.25 4 19 1

0 75 1)5c0 499 (( 0 J ; 2 0.0 05 1.0 1.5 2.0 5.5 3.0 0.0 0.5 1.0 1.5 2.0 2!5 3.0

2,2q I, - 41 1 1.. ARTICULATORY IMPRECISION OVERALL SPECHC DEI4ClCIENCY

S 2.25 2.50 544 0 0.25 q507 FigDe 4j. Tasgue asduearat SO'7. max*,sumpvm r~fs'bjecu sA
NI 0.694 0671 4h91 (0.368 0.447 4.465 Parkhowns sdimm a(P) msdcoarulsbjecha(C) ploanedagahm ~agerq
SD 0.710 0777 1):41 0 376 03% 0626 percePtaW judgne.lt of W'axicdaty Wipyarwxaa (A) aidMWllepeecl

Idefuidwyc (B); 0 IN ueMl.M 1. asl" 2 = .mW-te-nwAleruaK 3 = moderg,*
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(Table 3) bore no obvious relation to tongue strength creasedsenseofeffort(Gandevia, 1982;M cCoskey, 1981),
(Figure 3) mdeadurance (Figure 4). Oneexceptionto these a critical component of fatigue (Edwards, 1981; Enoka &
obwsvation is Pakinon Subject R's; be was one of the Stuart, 1985). Inaddition, weknessmayprovideapouible
m mtseverelyaecdsbjectsamdthediffeencesbetwe explanation for the finding of normal endurarce. 1Mot is,
his dam and his matched control subject's data for tongue the target pressm during the endurae task would be
and band strength ad endurance ae among the greatest lower in the subjects with Pakinson's ditea than in the
(Table 2, Figures and 2). control subjects. Becaue of the lower target pressum the

Inspmuse speech rate (Table 3) did nm differ tukmayrequirelesseffotnmdreauim ofmomeflgue-
between subject groups (L(18)-1.3179; p-O.204 ). Speech resistant motor units tm when strength is normal. Koiler
ran is ploted against tongue strength in Figure SA md & Kase's (1986) flnding ofgreaerthan normal endmmce
tongueenduruaceinFgureSfB. Graphicinspectionofthese values in subjects with Parkison's disease is consistent
plots reveals no obvious relations for these subjects. with this hypothesis.

The inMbility to maintain a target contraction is
_ due to a process termed "fore failure." Force failure can

,result from central or peripheral sites in the motor system.

S, P c , As described previously, Yanapwa et al. (1990) used
"PC CC voluntary conactions and nerve stimulation to demon-

c,! C , , strate that mucle weakness in Pakinson's diseas may be
due tocentralandnotperiperal~mechansms. Measuresfor

' 4 C P , 4 I the assessment of central fatigue may Provide criticalC € C, information for the tundersta~nsi o( fadgue in Purkinson's

C C i disease. We have been investigating perceptio of effort
.. ... so . . . . . in an attempt to elucidate central fatigue in normal and0 20 40 so so 100 a 20 40 sto

PRESSURE (..) ENDURANCE () neurologically disordered individuals (Solomon et al., in
Fim, s. huwmpal ,• m(• )jrm,•. w •taw , 's press; Solomon, Robin, Dorothy, & Luschei, 1992; Semodi,
dAM (P) Mad CNW sMW (C) #04W a* swi"M &snta Robin, & LuscAei, 1993). 7u1s far, our research suggess
(mamidPpre ) s Ire gm dt ,• • m S. mmimd prea.w thatneurologically normal young adults cam accumtly and

conistendy peacve various evels of effort (Somodi et aL,
1993) such that low pressures are generated at low effort

Disl levels and progressively higher pressures are generated at
Subjects with mild to moderate Parkinson's dis- higher effort levels. In addition, healthy young adults can

ease were found on average to have less strength in the maintain a constant sense offort diat corresponds with an
tonguemdhmdthaml9ma edconroisubjects. Strength exponential decline in pressure (Solomon et al, 1992).
was deteminedby the maximum ps xeredonan air- Based on the results of the present investigation, we exam-
filled bulb. Despite the contribution of Subject PairR to the ined the ability of 2 of the subjects with Parkinson's disease
large difference in tongue strength between subject groups (Subjects P-L and P-Q) and an additional subject with
(Parkinson Subject R had the lowest and Control Subject R parkinsonism to perfoan tasks related to the perception of
had the greatest tongue strength of all subjects), the differ- effort (Solomon et al., in press). Each of these subjects
ence appears to be real for the subject groups in general, complained of fatigue. Although the disordered subjects
Previous research generally has indicated that limb isomet- could maintain constant effort levels in a manner compa-
ric strength (i.e., maximal force, torque, or pressure gener- rable to neurologically normal subjects (Solomon et al.,
ated during a single maximal voluntary contraction) is not 1992), they bad difficulty producing pressures that corne-
reduced in Parkinson'sdisease (Koller& Kase, 1986; Saltin sponded to various effort levels (Solomon et al., in press).
& Landis, 1975; Tzelepis etal., 1988; for an exception, see We are continuing to explore strength, enduranm and
Yanagawa et al., 1990). However, weakness a been perceptions of effort in a study of peopic with moderae to
reported in the tongue (Dworkin & Aronson, 1986) and lips severe Parkinson's disease.
(Netsell et al., 1975; Wood et al., 1992). The relation between tongue strength and endur-

Endurance, defined in this report as the maximum ance (assessed with non-speech tasks) and speech is un-
duration formaintaining 50% of themaximum pressure, did clear. Most of the subjects in the present investigation,
not differ systematically between the subject groups. This including the control subjects, were judged to have normal
finding was unexpected because people with Pinson's ormildlydisorderedspeech. In factjudgements foroverall
disease often complain of fatigue. This perception of speech defectiveness and measures of interpause speech
fatiguemayrelatetothemuscleweaknessdemonstratedfor rate did not differ between the two subject groups, and
these subjects; muscle weakness corresponds with an in- articuilatorY imprecision was only slightly greater for the

subjects with Parkinson's disease.
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The 2 subjects who were judged as having mildly Boshes, Benjamin (1966). Voice change in parkinsonia..
to moderately iapaired speech (Parklnson Subjects Rt and Jnm~~wu=2& 286-288.
S) hed lower than normsal tongue strength and endurance:
tongue fuinction results wer especilaly abnormal for Sub- Burke, W. E., Tuttle, W. W., Thompson. C. W., Janey, C.
Ject IL In addition, their interpause speech rates were D., & Weber, R. J. (1953). The
among the (usaL This last observation contrass with a relatomofgristregthandgip-strengtendurace Wage.
speculationweadmiaced inajwevlonpqier that inceased Pa ~ aioiM. £628-630.
speech rme may corrspond with better- tongue endurance
in Parkinson's dieme (Solocmonet al., in press). We based Caligluri Michael P. (1987. L abal kineumatics, during
this hypothesis o. the finding that "supernormal" speaker speech in patients with parkinsonian rigidity. ham. ilA
(debater) with fact speech raes (Md-414 words/mm,. or 1033-1044.

V1p!ox ma- ly 8.9 syllableuls) bad supernormal tongue
endwance(s~proxlnamly95 sat5O% ot mauimal pressure; Canter, Gerald L. (1963). Speech characteristics of patients
Robin at al., 1992). It should be clarified that the debaters with Parkinson's Disease: L Intensity, pitch, and duration.
and control subjects in thatstudy were asked to speak as fast I m aS.w L mdng.Di _2& 221-229.
as possible while maintaining intelligibility. In contrast.
the prsensubject' speechratewasdeterined frmatask Canter, Gerald L. (1965). Speech characteristics of patients
of habitualspeech rate. Apparently, subazantimilyinore data with Pakinson'sDisaseue lArticulation, Dadochokinesis
are needed towasess whetherarelatiouship between speech and Over-AUl Speech Adequacy. Jomumna of Speach anid
rat and tongue enduranc holds for speech disordered 3Mdg~a.~l 217-224.

Although individual subjects can be described Chenery, H. J., Murdoch. B. E., & Ingramn, L. C. L. (1988).
whose data aipear to support the expectation of impaired Studies in Parkinson's disae 1. Language and perceptual
tongue function co-occurring with disordered speech, this speech analyses. hAurainJralfhmnCc-
relatonshipclearly inotbeaddressedby the currentdata. A~ 17-29.
Future studies of larger groups of subjects, subjects with
more severely affected speech, and changes in speech and Coliumbine, ML, Bibile, S. W., Wlkramanayake, T. W., &
non-speech tongue fi-ction over time may clarify this Watson R. S. (1950). Influence: of age, sex, physique and
issue muscular development on physical. fitness. 1mrnal ofLApl

pllyielDAM= 2.488-511.
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Abstrad lclrod ion
Empcorthogonleigenfunctimo areexwaced With any model of a physical or physiological process,

from biomehanical simulations of normal and chaotic there is always a trade-off between simplicity and coin-
vocal fold oscillations. For normal phonation, two domi- pletness. The model shouldbe simple enough to be useful
nant empirical eigenfunctions capture the vibration pat- in -onceptualition and prediction, but also complete
terms of the folds and exhibit a 1:1 entrainment. The enough to represent the process accuately.
eigenfunctions show some correspondence to theoretical This certainly applies to vocal fold models. Early
low-ordenormalmodes ofasimplified, tuee-dimensional one-mass and two-mas models (Flanagan & LandgraL
elastic continuum, and to th normal modes of a linearized 1968; Ishizalm& Flanagan, 1972) were simple eough to be
two-mass model. The eigenfubctions also facilitate a described in afew pages ofprint. They were elegant in that
physical intnpretaton of energyanser mechansms m they helped concepuaize the interaction between aiflow
vocal fold dynamics. Subbanmonic regimes and chaotic and tissue movement to produce self-osidllation. But there
oscillations ar observed duinng simulations of a lax cover, is considerable doubt that they represented the geometry
in which case at least three empirical eigenfunctions are andtheviscoelasticpropertieof the vocal folds adequately
necessary to capture the resulting vocal fold oscillations. for the study of voice disorders or special vocal qualities.
These chaotic oscillations might be understood in terms of More recent models by Titze and Talkin (1979), and Titze
a desynchrnization of a few of the low-order modes, and and Alipour (in review) have enough biomechanical detail
may be related to mechanisms of creaky voice or vocal fry. to model the three-dimensional layered stmructe of vocal
Furthermor some of the emprWical eigenfunctions cap- fold tissue, but a heavy price is paid in terms of mathemati-
tured during complex oscillations correspond to higher- cal complexity and speed of computation. Furtheermo,
order nomal modes described in earlier theoretical work. interpreting the dynamnics of such inteusive descriptions of
The empirical eigenfunctions may also be useful in the the vocal folds can be a formidable task, particularly if
design of lower-order models (valid over the range for irregular, chaotic vibrations occur (Titze, Baken & Herzel,
which the empirical eigenfunctions remain more or less 1993).
constant), and may help facilitate bifurcation analyses of One way to facilitate the physical interpretation of
the biomechanical simulation. a vibrating structure is to calculate its principal modes of

vibration. Sometimes, even complicated vibration patterns
can beexplainedby arelatively small number oforthogonal
modes.
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The poapr begins with ui introduction to modal, lateral displacements 4 of the x-modes ae given by:
analysis of vocal fold tissues, followed by a brief descrip-
tion of the biomechanical simulation used in Ihis investiga- _____)x n xy n irz
tion (Trtze & Alipow, in review). Next a set ofempirical ý(x~yzt) =Aexp cos(2-20 i Y CsnZ --- (T=Aexp"''cos s -c -(1)
ei$genlnctions extracted from simulations of both normal 2D L T

and chaotic vocal fold oscillations is presented. The and the vertical displacements ý of the z-modes are given

physical signifcace of these eigenfunctions is discussed by:
and related to cwment theories of voice production and
nonlinew dynamics (e.g. airflow-issue energy Mfser n,(2n1 -1)x n ry nIrz(
mchasms and eyna mechanisms). The C(x,y,z,t) = Bexp =Dsicos,(nn-l s cos (2)
empirical eigenfunctions are also compared with the modes 2D L T

captured by the two-mass model (Ishizaka & Flanagan, where n. n,, and nx are integers indicating the order of the
1972) and to modes predicted for a simplified elastic modes; • A , and Tare the length, depth and thickness of the
continuum (Mtze & Strong, 1975). Finally, future direc- folds, respectively A and B are arbitrary constants; and
dons of research using this procedure are discussed. fa and woare the radian frequencies of vibration. Any

possible y isIlacemenIs (anterior-poserior direction) are
Modal Analysn of the Vocal FoTh ieg s is based on experimental evidence that the

Moajectoriol of vocal fold fleshpoints are mostly planar
Modalanalysisisabasictechniqueusedtoanalyze (Baer, 1981; Saito, Fukuda, Isogai & Ono, 1981; Saito,

many vibrating structures. Traditionally, it refers to the Fukuda. Kitahira, Isogai, Tsuzuki, Muta. Takyama, Fujika,
process of determining the normal (natural) modes and Koknwa & Makino 1985).
frequencies of a linear (or linearized) system. It is a In orderto distinguish the modes, the order indices
powerful technique because it provides a framework in (n , n , and n) must be specified and the modes need to be
which asystem can be decomposed intoasetof independent identified as either x or z modes (the assumption of corn-
vibration patterns, each with a characteristic (although not pressible tissue allows the decoupling of such modes). In
necessarily unique) frequency. Experimentally, these nor- practice, the n, index is usually not specified because the
mal modes/frequencies can be observed immediately after standing wave pattern governed by i (the first cosine term)
a system is pulse excited, or during a forced, sinusoidal is assumed to be constant (e.g., the likelihood of reflections
excitation(providedtheduiving frequencycoincidesclosely from the fixed lateral boundary is small because of high
enough with one of the systems' natural frequencies). One attenuation in the thyroarytenold muscle). Thus, following
of the major limitations of this technique is that it is only nomenclature introducedpreviously (Titae & Strong, 1975;
valid for linear systems. However, in practice many Titze, 1976;Titze, 1988), themodesare designated aseitber
systems are approximately linear for small-amplitude os- x-,nn or z-nn modes. Conceptually, the a, and n, indices
cillations. indicate how many half-wavelengths occur along the lon-

gitudinal and vertical dimensions, respectively.
Theoretcal Normal Modes A few of the lower-order modes are shown in

The concept of normal modes and frequencies is Figure 1. Figure la shows a superior view (upper) and
not new to speech science. For example, formants are coronal view (lower) of the x-1O mode. From the superior
frequencies which correspond to the normal modes of the view, the commonly observed oval glottis is displayed.
vocal tract. Tbey have been discussed extensively in terms From the coronal view, all the lateral tissue displacements
of vowel production. The same concepts have not been are in phase along the vertical dimension. An x- 11 mode is
exploited to the same degree for an understanding of vocal displayed in Figure lb. In the coronal view, the tissue at the
fold movement, although the study of normal modes in top of the folds is 180 degrees out of phase with the tissue
vocal fold tissues does have its beginnings. Almost two at the bottom of the folds. Variations of these lowest-order
decades ago, Thze and Strong (1975) theoretically deter- x modes describe some of the most ccnumonly observed
mined normal modes of the vocal folds. By examining a vocal fold vibration patterns (Moore & Von Leden, 1958;
single fold and treating it as a three-dimensional, elastic, Hirano, 1975). Indeed, an appropriatecombination ofthese
compressible medium, and by assuming a rectangular modes is known to be essential for self-oscillation of the
parallelepiped with simple boundary conditions (anterior, folds (Titze, 1988). An x-21 mode is illustrated in Figure
posterior, and lateral boundaries fixed; medial, superior, 1c, and a z-10 mode in Figure Id (sagittal view on top).
and inferior boundaries free), normal modes were ex- These modes are not as easily observed because (1) the
pressed in terms of elementary sines and cosines. For superior aspect, which is almost always used in high-speed
comparison with empirical modes to be shown later, the films and videostroboscopy, is not ideal for viewing z-
theoretical modes are reviewed and briefly discussed. The modes (saggital or coronal views would be better), and (2)
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biger-order modes (Such as the x-21 mode) usually have has been ouserved over a wide range of parameters in the
smaller vibrational amplitudes and are often not excited. two-mam model (Herzel, Steinecke, Mende & Weamke,

1991). As predicted by Titze (1976), this entrainmem
Normal Modes In Low-Order Model occurs at a frequency very Close to the =Unal frequency of

Not long after these normal modes wer intro- fte lowest-order mode. Over a certami ange of parmeters
duced, Titze (1976) claimed that (1) self-oscillation of the (e.g., those corresponding to low stifes of tbe upperma
vocal folds consists of"approximately linearcombinations and weak coupling of the masses), the breakdown or
of the normal modes," and (2) that "self-oscillation ... desynchronizaton of this 1: 1 etrainment has also been
occus at ... one of the natural frequencies of oscillation, observed in the two-mms model (erze et al., 1991). In
usually the lowest." Titze demonstrated the plausibility of such pmnete regions vm'iousnonlinearpom have
these concepts through a analysis of the two-mass model been observed including sublurmonic regimes, beating-
(shizaka and Flanagan, 1972). The normal modes of the like troidaloscillations (i.e., low-frequencynmodulations),
two-mass model were shown to be analogous to the lowest and chaotic motion (Henel et al_ 1991).
order x-modes of the simplified elastic continuum; that is, Subbarmonics, low-frequency modulations, and
the mode where the two masses are in phase is similarto the chaos are also commonly observed in patients with vocal
x-10 mode, and the mode where the two masses are 180 disorder (HerzI & Wendler, 1991; Baken, 1991; Herzcl,
degreesoutofphaseissimilartothex-l1 mode. Theability Berry, Titze & Saleh, in review) and during infant cries
of the two-ma1s model to self-oscillate can be explained, in (Mende, Herzel & Wernke 1990). Consequently, this
lage measure, by the existence of these two modes, which desynchronization of the modes is believed to be an essen-
facilitate energy tranfer from the airflow to the tissue tial mechanism of many vocal disorders (Titze etal., 1993;
(Stevem, 1977; Broad, 1979; Titze, 1988). For "typical" Herzel et al., in review).
Ishizab: ad Flanagn (1972) parameter, the nauWal fre-
quencies of the normal modes are 120 Hz and 201 Hz, Experimmnal Studie of Normal Modes

.respectively (Titze, 1976). To date, most of the discm.sion of normal modes
in vocal fold tissues has been in a theoretical sense. Direct

Entraiameut of the Modes measurement of the modes has proven problematic, par-
Self-oscillation during normal phonation also in- tially because of the small dimensions of the vocal folds (on

volves a 1:1 "eatraiment" of the modes. Entrainment is a the order of 1 cm). Traditional modal analysis in which
phenomenon in which a nonlinear coupling of system accelerometers are used to trace trajectories at various
variables causes the natMal frequencies of the system to locations on a structure would undoubtedly yield unsatis-
shift so as to be related by an integer ratio. For example, a factory results. The number ofaccelerometers thatcouldbe
1:1 entrainment in the two-mass model means that both placed on the folds would be limited, the weight of accel-
modesosdillateatthesame frequency. Suchanentrainment ermeters might alter the modes significantly. and the
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ability to framly attach a device to the elastic tissue of the Emphrical --- cI
folds would be limited. As pointed out earlier, traditional modal analysis

Pehaps new optical techniques and high-speed is limited by the fact that it is only valid for linear systems.
video show the greatest promise for an adequate modal However, there awe many nonlmearities associated with the
analysis of the folds to be performed. Indeed, the most vocal folds. One of these is the nonlinear stress-strain
common way to observe vocal fold vibratiom is through curves of vocal fold tissues. Another is the nonlinear
high-speed films and videostroboscopy. As noted previ- pressure-flowrelationintheglottis. Athirdisthenmnlineaity
ously, many vibration pawterns similar to the theoretical associated with vocal fold collision. While for small
normal modes have been observed using these techniques. transient oscillations these noulinearites might be ne-
However, vibration patterns are usually a combination of glected, self-sustaimed oscilation depends critically on at
several modes, so the vibration patterns observed are rarely least one noualinea constitutive equation. Indeed, for many
oscillations of a single mode. Still, if these optical tech- vocal fold configurations linear dynamics is not even ap-
niques can be used to trace trajectories of vocal fold proximately true.
fleshpoints, empirical methods (e.g., such as the method of However, the method of empirical orthogonal
empirical *igenfunctions to be described) can be used to eigenfunctions (Lorenz, 1956) has been used formany years
decompose the vibration patterns into distinct, orthogonal to extract physically meaningful structures from nonlinear
modes of vibration, systems. For example, Lumley (1967) advocated the tech-

Although little experimental work has been done nique as a way to extract "coherent stncture" from a
to quantify the normal modes of the vocal folds, some turbulent flow. In recent years, the method has become a
attempts have been made to measure the resonant frequen- popular techniqueinavariety of problems in fluid dynmics
cies of the folds (Kaneko, Masuda, Shimada Suzuki, (Sirovich, 1987; Aubry, Guyonnet & Lima, 1991; Deane,
Hayasaki & Komatsu, 1986). Kaneko et al. (1986) used Kevrekidis, Kamiadakis & Orszag, 1991; Armbruster,
ultrasonic techniques to measure these resonant frequen- Heiland, Kostelich & Nicolaenko, 1992). The method is an
cies. Measurements were made immediately following a application of a general technique familiar to many disci-
mechanical pulse-excitation to the thyroid cartilage, and plines, and has also been referred to as the singular value
immediately before the patients began phonating. Kaneko decomposition (Golub & Van Loanw 1983), singular spec-
etal. (1986) observed two dominantresonances of the folds trnn analysis (Vautard, Yiou & Ghil, 1992), principal-
below 625 Hz. Interestingly, the lower resonance corre- components analysis (Zahorian & Rothenberg, 1981), pin-
sponded well to the phonation frequency that followed. cipal factor analysis (Johnson & Wicbemn, 1982), the

Karhunen-Lohve expansion (Fukunaga, 1972), the proper
Modes In the Blomechanlcal Simulation orthogonal decomposition (Lumley, 1967), and the bi-

From the start, it is acknowledged that there is no orthogond decomposition (Aubry, Guyonnet&Lima, 1991).
substitute for directmeasurement ofthe modes in vocal fold Furthermore, Breuer and Sirovich (1991) have
Msues. However, until this becomes feasible, there are recently shown that, fora general class oflinearsystems, the

additional theoretical approaches that can be used to inves- empirical eigenfunctions actually reduce to the linear nor-
tigate these modes, particularly with the help of a biome- mal modes. The ability to extract physically meaningful
chanical simulation of vocal fold movement (Titze and structures fromboth linearandnonlinearsystemsmakes the
Alipour, in review). The simulation uses a finite element method of empirical orthogonal eigenfunctions a particu-
approach to the solution of viscoelastic waves in a con- larly useful tool for analyzing vocal fold movement In the
tinuum (Titze and Talkin, 1979). A series of experimental case of small-amplitude vibrations for which the tissue
studies have been performed to quantify the elastic proper- stress-strain curves are approximately linear, the empirical
ties of vocal fold tissues (Alipour &Titze 1985, 1991), and eigenfunctions should be related to the normal modes of
more work in this area is in progress. Indeed, the develop- vocal fold tissues. For larger amplitude vibrations for which
ment of this simulation has been an effort to integrate many tissue nonlinearities become important, the eigenfunctions
independent measurements arid theoretical considerations should appear as distortions of the normal modes, i.e., a
into one coherent "picture" of vocal fold vibration, reflection of the new nonlinear phenomena (Breuer and

Furthermore, with the simulation it is easy to trace Sirovich, 1991).
the trajectories of points interior to the folds. With optical Moreover, the statistical nature of this technique
methods, only surface points can be tracked (Baer, 1981). makes itweil-suited forthepresentinvestigation. Inasense,
Nevertheless, direct measurement of the modes in vocal the method is "blind" to all the complexities of the biome-
fold tissues (perhaps with x-ray pellet techniques as de- chanical simulation (e.g., nonlinearities in stress-strain
scribedby Saito etal., 1985) will be invaluable, and maybe curves, complex geometry of the folds, layered tissue
a key to future refinements of the biomechanical simula- structure, tissueincompressibility which induces a coupling
tion. between lateral and vertical modes, aerodynamic forces,
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WUsi forces, viscous losses). Such complexities forbid or 26 nodes (fleshpoints), as shown on the left side of FIg.
an analytical solution of the modes, but present no difficul- 3. The elements which correspond to the body (or muscle)
ties for the method of empirical eigenfunction. are marked "B", the elements which correspond to the

The method of empirical orthogonal ligament are marked "L", and the elements which coere-
elgeafumctions differs from a traditional normal mode spond to the cover (or mucosa) ae marked "C. Each of
analysis in that itdoes notdetermine "modes" directly from these regions possesses distinct elastic proetes. Three
the equations of motion. Rather, "modes" are determined nodes per layerare placed onafixed lateral boundary. Thus,
by statistical ccrreahions of the output variables, i.e., a there are 207 nodes per fold (9 layers x 23 nodes/layer)
covwiance matrix is generated and eigenvectors are com- which are free to oscillate. As in earlier investigations,
puted. The eigenvectars are orthogonal and are guaranteed lateral and vertical motions arm allowed, but no movement
to be optimal in the sense that they regenerate the output along the anterior-posterior direction. With two degrees of
data with minimnm least-square error (for any arbitrary freedom per node, there are 414 total degrees of freedom if
number of eigenvectors). Unlike a normal mode analysis, left and right folds are symmetric, and 828 if asymmetric.
the method of empirical eigenfunctions does not calculate Although the simulation is equipped to handle asymmetric
all the possible modes of a system. Rather, it only extracts folds, all the rums for this analysis employed left-right
those "modes" which are excited. For the present investi- symmetry.
gation, the excited "modes" are the focus ofinterest, and are Nodal trajectories for parameters corresponding
used as a tool for interpreting vocal fold dynamics during to normal phonation are shown on the right side of Fig. 3.
self-oscil' ion. The trajectories are taken from the fifth longitudinal layer

(the layermid-way between anterior-posterior boundaries),
which is the layer with the most lateral movement. Quali-
tative similarities exist between these trajectories and

Traject, ies from the Simulation fleshpointtrajectoriesobservedexperimentally(Baer, 1981;
Empirical eigenfunctions were calculated based Saitoetal. 1981;SaitoetaL, 1985). Thexandzcoordinates

on the output of a biomechanical simulation of vocal fold from the trajectories of each of the 207 nodes were used as
movement (Titze and Alipour, in review). The simulation the input for calculating the covariance matrix, and the
was run as part of a complete speech synthesis system, resulting eigenfinctions. Although the simulation was run
including sub- and supraglottal systems. The biomechani- at a sampling rate of 20 kHz, the nodal coordinates were
calmodelofthefoldsconsistsofninelongitudinallayersas only saved at a rate of 5 kHz, which was found to be
shown in Fig. 2. where the posterior edge of the folds is in sufficent. Frequencies above about 1 kHz were essentially
the foreground. Anterior and posterior boundaries are non-existent in the trajectories (measured on a power
fixed. Each layer consists of 32 finite elements (triangles) spectrum, they were at least 40 dB below the strongest

frequency).

C

B ~C /
L

Figure 2 A view of Mhe biameclhuical subomsaido immediately belore Figure 3. A coron view ofsae flfth longitudinal layer. On doe left side of
glottal cdosure is showam with the posterior edge of the folds in the the flsur the 32 element/ayer are displayed and distinguisled as
foreground There are nine layers posidoned along the anterior-pomterior corresponding to the body ("B "I the cover ( C") or the ligament (L").
kxgtk On the right side of the figure, trjectore of vocal fold flespoi4 s are

shown for parameten corresponding to normal phonatiowL
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Cakulta do of mpprkal Egfmtondloeu pairs capture the essential dynamics of a system (Deane et
FMat, the nodal coordinates R were separated Nto aL, 199 1), which facilitates areduction of the system as well

mean and oscillatory components: as a physical interpretation of the dynamics.
All the covariance matrices calculated in this

Rft) -, + rt), blý,2,...,414 (3) study were generated with one second ofstationary output
(5000 time fumes). Initial transimtsandothernonstationary

where the bar denotes a mean value. The mean represents segments were not used in calculating the covariance
the dynandc equilibtium of the system, and the remaining matricesandresultingempiricaleigenfunctions. Thedomi-
oscillary component represents the time-varying dis- nant vibration frequencies of these modes ranged between
placements about this equilibrium. A covarance matrix 80 and 160 Hz, so 80 to 160 cycles were used in calculating
was generated using the time-varying displacements: the modes.

N Result
S.. = -. r(t) r,(t.), i,j = 1,2,...,414 (4)

'U N kL Normal Plhonatom
First of all, we consider the results of the analysis

where t are the discrete times at which the coordinates are f typical paramets corresponding to "normal phona-
sampled, and N is the total number of time samples. The tioe. The normalized eigenvalues computed for this simu-
eigenvectors of the covarance matrix correspond to the lation are shown in Table 1. The eigenvalues are shown in
empirical eigenfunctions. At any time t,, the nodal dis- descending order. The farrightcolumn showsacumulative
placements may be expressedas alinear combination of the sum of the cigenvalues. From this table, we see that the first
empirical eigenfunctions #, (Deane et al., 1991): eigenfunction explains about 72% of the vadance of the

nodal trajectories, and the second eigenfunction about 26%
414 of the variance. Together the fust two eigenfunctions

rZ(tk) = •aj(rk)4j(i), i=1,2,...,414 (5) explain approximately 98% of the variance, suggestingthe
j-1 dominance ofjusta few primary modes. These results were

consistent over a wide range of elastic constants and
where # (i) is the i-th component of the j-th eigenfunction sub8lottal pressures.
anda/ t is the temporal coefficientof thej-theigenfunction
at time tr. The temporal coefficients a1 may be computed by
projecting the eigenfunctions *, onto the time-varying T" 1..
dispmacements:ied =ena for moe of "n " pboUG tio

(YouaS's Modulus of the cover, E. = 2 kP&).

414

aJ(tk) = • rI(tk)4,j(O, j = 1,2...-,414 (6) Mode Number M (%) Cumulative sum
___-____ ofX, (%)

1 72.5 72.5
The temporal coefficients themselves may be

thought of as temporal eigenfunctions, and correpond to 2 25.2 97.7
the eigenvectors of a temporal correlation matrix which 3 1.5 99.2
may also be generated from the original data (Sirovich, 4 0.5 99.7
1987). Both the spatial and temporal eigenfunctions are
orthogonal, and reveal distinct features of the dynamics of
the system. The spatial eigenfunctions (sometimes referred
toas "topos", Aubryetal., 1991) reveal topological patterns A coronal view of the fiust eigenfunction is shown
in the data and are analogous to the normal modes of linew in Fig. 4a. Frames 1 and 2 display maximum and minimum
systems. The temporal eigenfunctions (sometimes referred excursions of the eigenfunction, respectively (solid lines).
to as "chronos", Aubry et al., 1991) reveal information The dotted lines show the mean coordinate values. By
about possible entrainment of the modes, and capture the examining the motion of the folds near the top of the glottal
frequencies at which the modes oscillate, air passage (e.g., see the top five medial nodes which are

Each pair of spatio-temporal eigenfunctions has a bolded on either side), one can note the correspondence of
corresponding eigenvalue, which quantifies the degree to this eigenfunction with the x-11 mode. That is, there is a
which the eigenfunctions can regenerate the nodal trajecto- higher and lower portion of the folds which are 180 degrees
ries (in terms of variance). Often just a few eigenfunction out of phase. Consequently, this eigenfunction is largely
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esonsible for alternately shaping a divergent (franc 1) The dotted line can be exprmsed as cos(t). A
and convergmt (frame 2) glottis. In addition, there is maximum in this line occurs when the foldsaremostopened
considerable vertical motion similar to the z-10 mode. This (Fig.4b, frame l), anda minimum occurs when the fokls are
coupling of x and z modes is no surprising given the closed (Fig. 4b, frame 2). Because this mode roughly
incomprssbility ofthe tissue (Titze, 1976). Tissue incom- correso nds to the net laeal displacement of the tissue, a
psMsbility implies that the overall tissue volume does not rough estimate of the net lateral velocity of the tissue is
change, so if the folds are compressed laterally, they must given by the time derivative of cos(t), or -sin(t). Thm, an
bulge out vertically, and vice versa, examination of the two dominant spatio-temporal

A coronal view of the second cigenfunction is eigenfuncdons of the biomechanical simulation reveals an
shown inFlg.4b. Again frames I and2 show maximumn and in-phase relatonship between the intraglottal presure and
minimum excursions of this eigenfunction. Again, note the net tissue velocity, which allows energy transfer from
that near the top ofthe folds (the region that might approxi- the airflow to the tissue.
mate a rectangular parallep-iped), this cigenfunction is It is already well-known that this condition must
qualitatively similar to the x-10 mode (Fig. la), and is be satisfied ifsel-ocillaio of the folds is to occur in the
largely responsible for the net lateral movement of the folds presence of dissipation. However, the important point is
in this region. that thismethodof analysis reduced several hundred trajec-

Fig. 5 shows the temporal coefficients associated tories of the blomechanical simulation to essentially two
with each ofthese eigenfunctions; the solid line displays the modes of vibeaton. With this reduction, the dynamics of a
temporal coefficients for the first cigenfinction and the biomechanical model with many degrees of freedom could
dotted line illustrates the time coefficients for the second be discussed and interpreted as easily as the dynamics of a
eigenfunction. The temporal coefficients for both much more constrained, low-order model. The ability to
eigenfunctions ae nearly sinusoidal with a sine/cosine reduce large amounts of data to essential dynamics will be
relationship (mod& I lags mode 2 by about 90 degrees). A crucial for understanding more complex output from the
simple analysis shows that the modes are synchronized in biomechanical simulation.
such away that energy transfer may occur from the airflow As a word or caution, it should be noted that
to the tissue, enabling self-oscillation. Specifically, note because the biomechanical simulation was reduced to
that the solid line can be expressed as sin(t). A maximum essentially two nymlm of vibration for parameters corre-
in this line occurs for a divergent glottis (see Fig. 4a, frame sponding to normal phonation, the biomechanical model
1), and a minimum in the solid line occurs fora convergent was in no way reduced to a two-mass model Even for
glottis (see Fig. 4a, frame 2). If Bernoulli's law is taken as normal phonation, the most dominant mode of the biome-
approximately valid, then the intraglottal pressure will be chanical simulation was not simply a lower-order x-mode
relatively low for a divergent glottis and relatively high for such as might be captured by a two-mass model, but an x-
aconvergent glottis (Titze, 1988). Asafirst-orderapproxi- mode coupled with a z-mode. Furthermore, although the
mation, one might say that the intraglottal pressure is in modes of a two-mass model may be qualitatively similar to
phma with -sin(t).

15000

/ '/,
/ -0000 0,0

/' I (2) I,]o•o • ,o .o ,
J.. T im e ....

Figur 4. ~(2)

igre 4. A cornanl vew of the two strongest spatial eigeofactions for Figure 5. The two danbwn temporal eigamfunctions for parometers
normal phonatio The first eigenfunction is shown in (a, top) and the corresponding to nonnal phonadon. The solid line corresponds to

second e•igefumo is Ahom in (b, bottom). In both cases, frwne I eigenfuwctian I and the donted be corresponds to eigenfjuction 2.
corresponds to a mnaximum excursion of the eigeafmection, and frame 2
corresponds to a munimum excursion
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the lower-cider modes of asimplified elastic coutinuum, it & Wendler, 1991; Herzel et a., in review, Mende et al..
is questionable whether two bar-shaped masses can ad- 1990).
equably capture the smoothly vuying shape of the glotis. Previously, it has been suggested that the origin of
The discontinuities introduced by such gross spatial chaminvocal fold vibradommaybe thedesyuchroaization
discretizatlion would likely have an adverse effect on syn- of a few of the oscillatory modes (Titz= et al., 1993; Herzl
thesis. et al., in review). Specifically, creaky voice or vocal fry is

Moreover, the bionechanical simulation has hun- thought to be induced by a lax cover, which could lead to
dredsofdegesoffteedomiwhichallowittobeexcitedinto the desynchronization of a few of the low-order x and z
many modes of vibuaion not possible for the two-mass modes (Hezel et al, in review).
model. The fact thaijustafew ofte lower-ordermodes are To investigate this hypothesis, the lax cover was
excited for a range of pmrmeters corresponding to norma! simulated by decreasing the tranverse Young's modulus of
phonation is to be expected andmighteven be viewed as one the cover (E) in the biomechanical simulation. Starting at
validation of the biomechanical simulation. For other 2 kPa (which is the value of E, used in the simulation of
parametron ais, additional modes are excited in "normal" phonation), E was gradually lowered and the
the simulation. The study of these modes may yield resulting acoustic output was observed. No unusual behav-
additional insights into vocal fold dynamics, and may have ior was noticed until E, reached values below 0.6 kPa, at
relevuace for an understandin, of voice disordersm which point the signal became irregular, and perceptually

rough. AtOA kPa. the signal became regularagain, but with
Chaotc Osdllatiomn a doubling of the original pedod (an "octave jump"), which

Became the vocal folds are nonlinear systems with appeared as alternating high and low amplitudes in the
many degrees of freedom, bifurcations and chaos should be acoustic outpuL Such phenomena (e.g., irregular oscifla-
expected for certain parameter configurations (Glass & tions, low frequencies, and alternating high/low ampli-
Mackey, 1988;Titzeetal., 1993). Indeed bifurcationsand tWdks) are characteristic of the acoustic output of creaky
chaos appear in some of the simplest models of vocal fold voice (Hollien & Michel, 1968). Listening to the acoustic
vibration (Awrejcewicz, 1990; Herzel et a., 1991). They output also gave the perception of creaky voice.
are also observed in more complex models (Wong, Ito, Cox A spectral bifurcation diagram (e.g., Lauterbom,
& Titze, 1991), in models which inoporale left-right 1986)isshowninFig.6,whereE isslowlyvariedfrom0.35
asymmetries (Ishizaka & lsshiki, 1976; Wong et al., 1991; to 0.65 kPa. From left to right, one views transitions from
Smith, Berke, Gen-aW&Kreiman, 1992), andmostrecently a subbarmonic regime to chaos to the periodic regime
infiiteelementsimulationsof the folds (Titzeeta!., 1993). characteristic of normal phonation. This figure shows
Furthermore, an acoustical analysis of many types of rough striking similaritiestospectrgramsofnewborncries(Mende
voice (e.g., creaky voice, vocal fry, vocal disorders and et al., 1990) and to acoustic cavitation experiments
newborn infant cries) reveals an intimate relationship be- (Lauterborn, 1986). A more complete bifurcation analysis
tween voice mechanics and bifurcations and chaos (Herzel of this region will be treated in a forthcoming paper.

For the present investigation, empirical
eigenfunctions were determined at E = 0.4 kPa and E = 0.5
kPa. Table 2 shows the eigenvalues for both parameter
configurations. At E, = 0.4 kPal four eigenfunctions are
needed to describe the nodal trajectories in as much detail

Tabe 2.
"N.. .• lizmd cipavahla for nodf tE = 0.4 kPa and 0.5 kPa.

E =0.4 kPa E, = 0.5 kPa

Mall . I Mode Number x, (7.) Cumulative sum XM (%) Cumulatve sum
~ I ___ ___ _____ of of

_1 43.9 43.9 45.6 45.6

0'4 015 o 6 2 30.9 74.8 27.0 72.6

Ec (kPo) 3 16.1 91.0 12.5 85.1
4 7.1 98.1 5.2 90.3

FiRpe 6. A qwc&mW bw•hrcdm diamqm aE ia showly varwied from 035 9
go 0.65 kPt% In iwremev of 0.01 kPa evey 400 nu. Traniom from a 5 0.7 98.8 3.1 93.4

subhleni~ regeg to chaw to periodic moriu are diupkyeS 6 0.5 99.3 1.6 95.0
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(in Wems of variance) as the first two eagenfunctions, at sion, in this study empirical cigenfunctions might be appro-
E* - 2 kPa (see Table 1). At E, - 05 kPa, additional priate to reduce the original PDE's to a small set of ordinary

eiga~mlios we needed. Howeve, even for the compli- differntia equations (ODE's). Such reductions may be
caled. nomperiodic behavior at E. - 0.5 kPa, relatvely few useful for the design of lower-order models (which can

eignf~ctisuaare needed to capture most of the variance nevertheless simulate various vocal qualities), and may
of vocal folddynunlcs. Outof4l4 possible eigenfunctions, help facilitate bifurcation analyses over specific parameter
wnly six are needed to describe the motion in considerable regions of the model (Deane et al., 199 1).
detail. The essential diffecrence in the system at E, - 0.4

Moreover, the first three spatial eigenfunctions at kPa and E, n 0.5 kPa is revealed by the temporal
E. - 03 kPa we essentially equivalent to the first three cigenfunctions, as illustrated in Fig. 7. The temporal
spatial eigenfunctions at E. =0.4 kPa (apprximately 90%E eigenfunctions ofE, = 0.4 kPa wre nearly periodic, while the
agreement). Table 3 shows the dot product of the first three temporal eigenfunctions of E. = 0.5 kPa are nonperiodic.
eigentunctions of the two parameter configurations. Fur-
thermore, the three elgenfunctions of E% - 0.5 kPa also T" I..
explain over 90% of the variance for higher values of Ek DOap gaba i~dv.Mm~d..alEc =0.4 kMod.in 0 kft
corresponding to normal phonation. Thus, during the entire
cascade, three low-order "modes" explain most of MoeNmbr<helO5
variance. 1 oeNme iE-. iF-.

The fact that this simulation of partial differential
equations (PDE's) can be projected onto just a few 10.913
eigenfunctions is reminiscent of the findings of Saltunma 2 0.883
(1962) andLoren(l963) inrelatiotoBernardconvecton. _______________

In their studies, it was found that close to the onset of 30.1
convection there were only a few dominant modes, which 6
led to the derivation of the celebrated Lorenz equations
(1963). While Lorn= employed a trigonometric expan-

EPE

'2) 6

(32) 6A

E

0 50 100 150 200 0 50 100 150 200

Time (mns) Time (ins)

Figure 7. Th lint four twoaivoz uigwifuawdamfor E. =0a4 kPa (a.- left) and k~ = 0.5 kPa (b. -rght).
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Ph.e pirralt recoustrucdons of the attractors forE -0.4 eigenfunctions appear to be manifestations of simple, low-
kPa and E, - 0.5 kPa wer generated using de fs three order modes. For exumple, the fintmeigeunctio. (Fig. 9a)
empopal elgenftuncdons of each confliguation. The tern- shows some resemblance to a z-10 mode, the second

pond eigmAftmoms ofE - 0.4 kPa results in the attractor eigenfunction an x-lI mode, and the third eigenfuncion
of Fig. 8., which shows weakly-modulated periodic mo- to an x-10 mode.
don. The n xdic temporal e nfium ofE -0.5 In addition, the sixth eignftuction for Eo-0.5 kPa
kPa yield the chaotic auractor shown in Fig. 8b. These is analogous to a higher-order nonmal mode (e.g., the x-21
results lead support to our earlier claims that the origin of mode). Although notas commonly observed, these higher-
chaos in vocal fold vibrations is the desynchronizaion of order modes have been viewed occasionally with high-
a few of the low-order modes. speed cinematography (Rubin & Hin. 1960). Fig. 10 shows

The first three spatial eigenfunctions of E = 0.5 a superior view of this eigenfunction. This eigenfumction
kPa are shown in Fig. 9. In this case, it may not be possible did not appear, at least as clearly, in the more stable
to claim a definite relationship between the empirical oscillations corresponding to Ek n0.4 kPa and E. -2 kPa.
eigenfunctions and the normal modes of the simplified This may be related to the fact that this is an unstable
folds. Indeed, many factors (e.g., tissue incomprsibility, eigenfunction, and is thus usually only excited during more
complex geometry, nhincarites) may cause significant unstable, nonpeiodic vibrations. Even in the complex
deformations in the modesof vibrations. Nevertheless, the oscillations from which this eigenfunction was extracted,

the higher-order eigenfunction was so weak that it could not
be visually detected in the overall vibration pattern.

0 -As is well-known from high-speed films,
.soow stroboscopy, and sophisticated models, vocal fold vibra-

tions exhibit complex three-dimensional patterns. How-
1oooo ever, normal phonation produces fairly periodic acoustic

5000 output. These observations may be explained by the fact
""0-500 0 Eigenfunction 1 that only a few modes are excited and all the modes are

entrained. This concept has been substantiated through
e o 3 examining the empirical eigenftunctionsofabiomechanical

simulation of vocal fold vibrations during self-oscillation.
E9ý 2 Even though hundreds of degrees of freedom exist, two

eigenfunctions explain 98% of the variance of the nodal
50o0 trajectories. By viewing the high-order simulation as a

superposition of just two dominant eigenfunctions, an
0 interpretation of the mechanism of self-oscillation of the

_S -o folds is facilitated. These eigenfunctions are qualitatively
16ý 0000 similar to x-I I and x-10 modes (although Whe x-I I mode is

sooo also coupled with a z-10 mode which is partially a result of
Sg5)nuncon 1 tissue incompressibility).0' -"--. -50000 500 7The technique of empirical eigenfunctions is also

Eeigfncon 3 useful for describing irregular oscillations related to rough

Figure & Ph.. porsiw recructims of alln~tmwfor E.= a4 ka (t% voice. Changing parameters of the biomechanical model
tap)eE. = d5kPa (b b• udgu•iheftthreesMdeigenfowjonm leads to subharmonic regimes and chos. However, despite

from, ea WaUy-nsodased perodic ,swmias she.u =(a) ad a complexmotion, arelatively small numberofeigenflmctions
clmatoc awtrctorus (b).

(2? :I -(2)

Figure 9. Conal vews mof thefrs three spatial eigerfunctiom at E 0.5 kPa. Eigenusion I show soose resem•blance to a z.10 mode, eigenftckins
2 toan x.ii mode, and eigenrofioan 310a x.lOnsade. Coromal views are shomu as in Figure 4.
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captaies the essential dynanics of the folds. In addition, Alipour-Haghihi F. and L.R. Titze (1991). Elastic models
some of the more subtle dynamics captured by "weaker" of vocal foiduasues. J. Acoust. Soc. Am. 90(3), 1326-1331.
eagfmfudonscorepoad with hlgher-orderwmalmodes. AnnmasterD,RHdLeudEJ. Koselicand B. Nicoamko

Although the scilationpasmrsinbe simulaton (1992). Phiase-space analysis of bwstig behavior in
d .agedsubstanailly with dermagog siftfness of the cover, Kolmogorov flow. Physica D 58, 392-401.
the spatial "modes" remained mareF or less the same.
Consequently, it is shown that the appearance of chaos in Aubry, N., R.Guyomnet and R.Lima (199 1). Spadoempo-
vocal fold oscillations may be understood in terms of a ral analysis of complex signals: theory and applications L.

desncronzaio of a few of the low-order "modes". Stat. Phys. 64,683-739.
Furthernore. such eigenfunctioms may be useful

for designing lower-order models capable of simulating Awrecewicz .L(1990). Bifurcation portrait of the humman
specific vocal disorders and for performing bifurcation vocal cord oscillations. Journal of Sound and Vibration
analyses. The technique can also be useful far evaluating 136, 151-156.
and refining biomechanical simulations of the folds, and for
assessing the impact of various design parameters on modal Baer, T. (198 1). Investigation of the phionatory mechanism.
shapes. In particular, one mightstart from the conditions of ASHA Reports (11), 38-46.
the sinmplified folds for which analytic solutions of the
normal modes ae known (Titze & Strong, 1975). Then the Baken, RJ. (1991). G~oundtrie fractle et 6valuatiom de la
deformation of the normal modes caused by nonlinearities, voix: Application pedliminaire i la dysphonie. Bull.
complex geometry, and tissue incompressibility may be d'Audiopbonogie. Ann. Sc. Univ. Franche-CouiE 7(5-6),
observed systematically and independently as one com- 73 1-749.
plexity at a time is added to the system. Thje technique can
also be used to determine cigenfunctions from empirical Breuer, K.S. and L. Sirovich (1991). The use of the
data obtained directly from vocal fold tissues, provided Karhunen-Lobve procedure for calculation of linear
such data can be obtained. In general, the method of egnuconJournal of Computational Physics 96,277-
empirical eigenfunctions enhances the study of vocal fold 296.
dynamicbyallwing thepricipalmodesofvibraiotobe
extracted during self-oscillation, despite inherent Broad, D. (1979). The new theories of vocal fold vibration.
noualinearities. In Speech wad Language: Admances an Basic Research and

Practice, N. Lass (ed.), New York, NY: Academic Press.
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T1he Effect of Subglota Premure on Fna etlFrequency
of the Canine Larynx With Active Muscle Tensions
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Depuftmeo of Otoluagology and PhysisdogyColege of Medici, National Taiwan Unimesity
NIy Wd do m4A
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Absfirac explaining vocal fold functon. Modes of vocal fold
The relatio between sub~ottic pmr md fun vibrtio are determined by a combination of the inecliani-

damental frequency of vocal fold vibration was studied by Cal chiaracteristics of the cover and, the body of the vocal
means ofevoked phonation ina=ninvivo canine model. T7he folds 2. Tn canines. vocal fold oscillation during phonation
evoked-pbonation model involved electrical stimulation of is Confined prinirily to the Cover of the Vocal folds 1-3-4.The
the midbrain that resulted in consistent responses by respi- Cover includes a surface layer of mucus, the stratified
ratery and laryngeal musculatue accompanied by phona- sqtuauKicpithellmandReii~kO55pm isokinowD55th
bon. Thie dynamic stiffness properties of the vocal folds, superficial layer of lamina propria.
especially the "cover," were investigated. by delivering For fundamental frequency (F0) control, the coor-
vairious amounts of air pressure to the laynx from an dinated, action of the cuicothyroid and thyroarytenoid
opening in the trachea. Fundamenta frequency of vocal muscles, as well as Other intrinsic and extrinsic laryngeal
fold vibration increased linearly with sug)oticui prssr muscles, results in the effective stiffness of the cover and
The slopes ranged from 22.4 to 118.7 Hz/kPa in 7 animals. body of the vocal folds. In addition subglottic pressure (P)
The results indicated that the dependence of fundamental influences the F. of vocal fold vibradion to some degree"3-.
frequency on subglottic pressure is a passive mechanical The influence of P8 on F. can be included in the effective
phenomenon. stiffniess of the vocal folds'. AsP,ý increases, the amplitude

of lateral excursions of the vocal folds will increase;
h*W~~lIconsequently, Vocal fold tension increases dynamically.

Mie oca fodhasuniuemdlayreduwtre. Theoretically, if the coordinated actions of the intrinsic

Owing to this characteristic structure, the concept of a betwegenand thsces Fan of voalfld vibrntteeationshudb
cover-body complex has become a prevalent hypothesis in bewn adteFofvclodvirinshude
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In this experiment. we used an in vivo canine Beforebeginningexplortion ofthemidbrain with
model otevoked phonation by electrical sUmulation of the electrical sthmulaion for the purpoe ofelicitng phonatin
midbrain. Such stmulaiom elicits activation of laryngeal the animal was roWed frm a prone to a supine position to
and respiratory musles that results in a phonaory allow access to the ventral neck. This is becaue rotation of
re•pae 10. The response is repeatable and robust over the animalcan produce achange in theposition of the brain,
-ny trials of stimuilati Known air pressures were and previously established responses to stimulation may be
applied to the larynx through an opening in the trachea, lost.
Under these couditos the relation between P, and F.was A midline skin incision of the ventral neck was
investigated in order to determine whether the results of made and the larynx and trachea were identified. Bipolar
pwViOmstudiesoftheeover-bodyhypohbesis.conductedin stainless steel hooked-wire electrodes (75 um diameter)
the absence ofactive muscle tensions, would be the same as were inseted into cuicothyroid (CT), thyroarytenoid (TA),
the results obtained with naturally coordinated activity of lateral croarytnoid (LCA), and posterio cricoarywnoid
the laryngeal musceM. (PCA) muscles for clectromyographic (EMO) recording.

The locations of the electrodes were verified by dissecting

Me"hd therelatedmusclesaftertheexpeimenL Twolow-pressure
The study was conductd wit 7 hound-li Mon- cuffed cannulae were inserted in the trachea. one betweengrel dogs, weighing approxinmtely 20 kb. The animals the third and fourth and one between the sixth and seventh

were anesthetized to surgical levels (absence ofcomeal and frthe arings. Temor cauudally located can.uTh was used

deep pain reflexes) with pentobarbital (IV, 25mg/kg). The for the wimal's natnural respice tion. as e more rostral

adequacy of the anesthesia was checked frequently, and cnula was connected to an air source that supplied

additional pentobarbital was given as needed. At the wanred and humidified air to the larynx (Concha-Tberm

conclusion of the experiment, animals were eutlanized IT). The pressure in the trachea, controlled with a pressure

with a large dose of pentobarbital. regulating valve (Fairchild Model 10), was measured with

The animals were positioned for the evoked pho- a pressure transducer (Micro Switch 143PC03G).
nation experiment in a stereotaxic apparatus. A schematic With the animal remaining in a supine position,

representation of the steotaxic frume ad electrode car- electrical stimulation to sites within the midbrin was

rier, with representation of the various measurements that delivered until vocalization was elicited. Cites from 5 to 20

were made, is provided in Fig. 1. The animal's bead was mm dorsal to ear bar zero, at I mm intervals, were stimu-

fixed by using earbars inserted firmly in the external lated. If acceptable phonation was not obtained with

auditory meati, infraorbital ridge holders which were in the stimulation at any depth with the initial anterior-posterior

plane of the earbars, and a maxillary brace. T7he mrte was and medial-lateral coordinates, the electrode was with-

exposed by cutting a 1.5 cm diameter hole through the drawn and additional vertical tracks were made at 1 mm

parietal bone and lacerating the underlying dura; this deviations from previously attempted locations. Electrical

opening was centered 10 mm anterior and 5 mm lateral to stimuli consisted of a 2-3 s train of 0.2 ms pulses at a rate
ear bar zero. At these steotaxic coordinates a coaxial of 200 Hz. An electrode placement was considered accept-
bipolar electrode (RAt des NE-100) was ico ertdi vertically able for the experiment if low-pitched phonation with
into te brain to an initial depth of 20 cm dorsal to ear bar minimal cricothyroid muscle activity (Fig. 2) was elicited
zero. consistantly at low current levels (0.3 - 0.5 ma). Once

selected, the site for electrical stimulation of the midbrain

was constant throughout the expeiment.
_ .... With concurrent applications of electrical stimu-

.......... .. lation to the midbrain and air pressure to the larynx,
S___phonation could be sustained. During the evoked response

_--_ .. it was necessary to occlude partially the outlet of the
tracheal cannula connected to the lungs. If left open, the

, Z .d .mi; lack of the respiratory resistance ordinarily provided by the
____ closed glottis caused the lungs to deflate rapidly, producing

....__" a series of rapid brief phonations associated with interrup-
tions of the activity of the laryngeal muscles. This effect has
been described previously '*' and is known to be a reflex
mediated by afferents in the vagus nerve. The air pressure
delivered to the larynx (P) during evoked phonation ranged
from the lowest to the highest pressures that could sustain

Figuare). LScheftw rnnrawaem oft/s1 eqetmm vset-p used. phonation in the modal, or chest, register (about 0.3 to 4
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kNa). Pressr was increased inincrements ofaboutO.l kPa
inanascendingseriesofphonations, and then, aftera period Piasre . Subg)4ndtt kIpe(&'P,.ps2.7ktP ,,,WXa lMW&vd (A:,

of rest, a descending series was recorded. The P. was Tym, d (rA) d , & ck ym, (WA.) ,-Wty qWr
approximately constant during each midbrain stimulation. sAwkwhrObriuircandwomYoke fuudanwutfreyuy(F,) as09Hzt
Analysis was, however, based upon the directly recorded NAind 1 ,Hz& Tedwe bris,,m
pressu in the trachea. The voice was recorded by an
electretmriophooeplacedjustoutsidetheanmal'smouth. of CT and PCA muscle activity (Fig. 2). The level of

Dat were recorded on an 8-channl FM data 'Pe activation of the TA and LCA remained the same when
recorder (Hewlett Packard 3968A, baudpuss DC-2.SkHz). large differences of pressure were delivered Io the larynx
Recorded signals were a midbrain-stimulato marker (Fig. 3).
EMG from laryngeal muscles (including TA, L.A, FCA, The Fo-P, i n( for 3 anmals (Numbers 2,4,
CT), subgloicpressuand voice. Thereordeddatwe and7) me plotted in Figure 4. Tle solid lines represent the
subsequently processed with an IBM PC data acquisition linear regressions for each data set. For these 3 animals and
and processing progam (Codas DATAQ). F. was calcu- the other 4 animals (see Table 1), the data points fell close
lated from the voice signal using an FFt analysis function. their respective regression lines. This result is reflected
Mean Ps was obtained by averaging the pressure signal in the Ro values, which were close to 1 for all of the
during phonation over a period of approximately 0.5 s, experiments (Table 1). Thus, Fw was demonstraad to be

beginning about 0.5 s after the onsetof phonation. At least lineeary related to P.

16 simultaneous measures of P. and F, were obtained from Thelate to Fth

each animal. The data pairs were plotted and analyzed The change in F. with P, (the sope of the regres-

statistically using a graphics and analysis piogrum for the sio lines) ranged from 22.4 Hz/k(,; or 2.3 Hz/cm H1O) to

PC (Sigmplot 4.0). 118.7 Hz/kPa (or 12.1 Hz/cm H20). The extreme values for
slope are illustrated in Fig 4 (dogs 2 and 7), along with one
having an intermediate value (dog 4). P1 across all experi-

Res•ts ments ranged from 0.32 kPa to 4.06 kPa. The data from the
Consistent low-pitched phonation was elicited experiments with the smallest and the largest ranges of P.

from each animal during midbrain stimulation. Laryngeal are include in Figure 4 (dogs 2 and 4 respectively). F0 for
activity during phonation was characterized by increased all elicited phonations ranged from 81 Hz to 255 Hz. and
EMG activity of the TA and LCA muscles and suppression were perceived to be in modal register.
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SUBGLOTTIC PRESSURE (kPa) laryngeal nerve stimulation to elicit vocal fold adduction,
F*W 4. Votime• fi~dMWW ft"HWY is04Oand also found that F increaslinedlywitP. b"
pmm for dop 2 (ap b*ea 4(ckmd Vagin u and 7 (qWv ingly, the range of P. for which this liner lstionship was

,mcLX The W 1 amu e uvglar m fareb adseL found ranged from approximately 3 to 4 kPa (3 to 40 an
H20) with midbrain stimulation in the preseat study and4 to
12 kPa (40 to 120 cn H20) with recurrent laryngeal nerve

New" stimulation by Moore and Berke. Therefore, it appears that
It is well documented that vocal fold vibration is this linear relationship can be generalized to a wide range

a mechanical phenomenon . The mechanical parameters of pressures.
include subglottic aerodynamic power and the mechanical The degree to which F. changed with P* across
ch ristics of the vocal folds' cover and body. The animals was quite variable, ranging from 22.4 to 118.7 Hz/
pupose of the present experient was to examine the kPa. This variability has been attributed to different pre-
mechanical characteristics of the vocal fold cover during phonatory vocal foldlengthconditions'. Itwasnotpossible
phomation with nomnal active muscle tensions. A modified to directly evaluate Titze's hypothesis about the effect of

ia.nviv model was used in which the midbrain of anesthe- pre-pbonatory vocal fold length in the present experiment
tized dogs was stimulatedelectrically toevokephonalion 10. because the direct view ofthe vocal folds was not adequate.
Consistent phouations with similar pattens of muscular This is an obvious area in which the experiment may be
activity (increand activity of the TA andLCA muscles and improved.
decreased activity of the CT and PCA muscles) were
elicited over many repetitions. By using repeated evoked Refenmes
phonation, minor differences in the patterns of intrinsic 1.Hirano M. Morphological structure of the vocal cord as a
laryngeal muscle activity could be disregarded and we vibrator and its variations. Folia Phoniatr 1974;26:89-94.
could examine various aspects of the mechanical charcter-
istics of phonation. 2.Fujimura 0. Body-cover theory of the vocal fold and its

From a model advanced by Titze 9, it can be phonetic implications. In: Stevens K. Hirano M, eds. Vocal
inferred that F increases linearly with P,. Ile mechanism fold physiology. Tokyo: University of Tokyo Press,
forthis relationship is thatan increase in P will increase the 1981:271-288.
lateral excursion of vocal fold displacement (the amplitude
of the vibration). Because the amplitude to length ratio is 3.Saito S, Fukuda IL Kitahara S, et al. Pellet tracking in the
not small, vocal fold tension will increase dynamically, vocal fold while phonating - Experimental study using
resulting in a rise in F. with P8 . The present results canine larynges with muscle activity. In: Titze IR, Scherer
confirmed this inference. The data illustrated a clear linear RC, eds. Vocal fold physiology. Denver• The Denver
relatioushipbetweenFo andP,. Thus, themechanicalnature Center for the Performing Arts Inc, 1983:169-182.
of vocal fold vibration was supported.

Similar results have been reported by Moore and 4.Fukuda IL Saito S, Kitahara S, et al. Vocal fold vibration
Berke'. They used an in vivo canine model with recurrent in excised larynges view with an X-ray stroboscope and an
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Miniature Head Mount Microphone for
Acoustic Analysis

W~m S.WhhalzAA.S.
Rec g ad Rmh Center, Thi Dever Center for he Perfoming Artm
InpLllkuFLD
Deputment of Speech Phology and Audiolog, Ti Uniersy of Iowa

Abstract This study will focus on comparison betwem aminiature head mounted mirphn and a la rger high

Acoustic analysis of voice sometimes requires a b m cropa stand amlitue hig
constant mouth to microphone distance. In this study a q i monmedo s m ed

minitumMai mont ondnw icrphoe ws cm- freqnenyperturbation mensures on human sustained vowel

paed to a lrger, professional grade condeer microphone phonation will be used in the comparison.

typically mounted on a sAnd. Long term and short term
amplitude and frequency perturbation measures of human Description
phonaion were made for comparison. The results indicate The two microphones chosen for this study were
that for this type of analysis only small differences exist (1) an AKG C410 (Fig. la - next page) miniature cardioid
between the two microphones. This suggests that errors condemer head mount and (2) an AKG C451EB (CK-22
asKoated with variable source to microphone distance can capsule) (Fig. lb - next page) standard mount omnidirec-
be reduced without losing baseline quality in transducing tional condenser. Figure 2 (next page) shows the manufac-
voice signals for analysis. turers published frequency response curves for the two

microphones (Fig. la for the 410 and Fig. lb for the 451).
hiftrod thm It is apparent from the curves that the low frequency

In a previous study of the effects of microphone response of the 410 begins to rolloff near 150Hz, whereas

type and placement on voice perturbation measures (Titze noroll-offisseem forthe451. Sensitivity was measuredby

andWinholtz, inpress), itwas foundamouth tomicrophone placing the microphones 4cm in front of a loud speaker

distance of a few centimeters was desirable for high prei- producing a 200Hz sinewave at 80dB sound pressure level

sion perturbation analysis. At dose distances, however, a (SPL) and subtracting apreamplifier gain of60dB. The410

small change in mouth orientation can cause a significant had a sensitivity of-58.6dB and the 451 had a sensitivity of

change in amplitude and phase of the microphone output. 49.6dB, indicating a 9dB greater sensitivity for the 451.

If small children or patients with head tremor (or other
uncontrollable movements) are subjects for recording, Method
meaningful data collection and analysis may be difficult. Twenty normal subjects, 10 male and 10 female,

To minimize error due to motion artifact, the were asked to sustain the vowel [a] at two pitches, low
obvious solution is to use a head mounted microphone that (10OHz for males, 200Hz for females) and medium (200Hz
maintains a constant distance of a few centimeters from the for males, 400Hz for females) at a comfortable loudness
mouth. However, the aerodynamic artifacts for near-to- level. The subjects were seated in a chair with a headrest
mouth diameters have not been documented well for many and instructed to keep their head position constant. To test
vocal tasks. The solution proposed here may therefore not the low end of the fundamental frequency range, two of the
be applicable for all vocal tasks. male subjects were also asked to phonate at 75Hz, as weln
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Figure 2. Frequmy uwnmw cunwmo (a(a) it 410 dcrqPhoa (b) it
451 ui~rkhwhm

linear weighing scale (20 Hz to 20 KHz), was 53dB near the
center of the booth, The microphones were positioned at a
4cm distance, one at +W to the mouth axis and one at -W
to the mouth axis. The two microphone signals were
preamplified (ATl M-1000) and recorded simultaneously
with a Panasonic SV-3700 DAT recorder. Later the signals
were played out of the DAT recorder, high pass filtered at
60 Hz (24dB/oc 0, amplifled by Tektronix AMS02 amplifi-
ers and sampled by a DSC-200 16 bit A/D converter at 20K
samples/secnd. A two second segment near the middle of
each subjects phonation was digitized.

A least squares waveform matching algorithm
(Milenkovic, 1987; Titze and Liang, in press) was used to
analyze the two second segments of the digitized signals.
This algorithm provides the highest precision in F extrac-

(b) tion for small perturbations (Titze and Liang, in press). The

Figure 1. Diqrnzu of it nwicwphauea (a) AKG C410 m ure head perturbation measures included CV (coefficient of vana-
mmun nura,1cmup (b) AXG C451 Es mi o ra, tion, applicable toslow deviations from themeanamplitude

and F) and PF1 (the mean rectified value of the inst order
as to produce vibrato at the low and medium pitches. In perturbation function, applicable to more rapid cycle-to-
addition, one male subject was asked to sustain the vowel cycle variations). PF1 is commonly called jitter when
while moving his head in one of two mannen: drift, a slow applied to an F. contour and shimmer when applied to an
(.5Hz) movement from the axis of the mouth to approxi- amplitude contour. A correlation of these measures for the
mately 30" off axis; and wobble, a slightly faster (lHz) different vocal tasks was used to compare the microphones.
periodic movement from 0" to 30, on either side of the
mouth axis. Ibis task was performed for low and medium Results
F. Drift was to approximate what a normal subject might Since the recordings with the two microphones
do (particularly a child), and wobble was to approximate were simultaneous, individual tokens could be compared
what a subject with a head tremor might do. with a scatter plot. This is shown in Figure 3 for the

The experiment was conducted in an IAC isolation amplitude perturbation measures and Figure 4 for the
booth, 3.2mdeepby 3.5m wideby2.4mhigh. AmbientSPL frequency perturbation measures. Tokens for the twenty
of the booth, measured with a B&K 2230 SPL meter on the normal subjects are represented. The X axis represents
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Table 1.
o CVA C."Wm M QhWbi o m lY. •fo W mom

(%J 0 mom*%a d two MWMmm=@ for sub"a Wo~acf
20 x PFA v, low F,, •=rwt• amd lud ioa

o 20une ver k F.. cvin mW bud nab

"" 0 0 /.

N6 USna 1 8.73 4.75 0.94 O.SS
o 2 6.76 4.74 0.99 0.S5

o Nl 7SaE 1 7.02 3.64 1.3S 0.41". 0 " 6.55 3.22 1.35 0.41

3 10 0 VWV
02 a

0. 012 lOCMMa 1 9.64 2.00 2.36 0.63
0 2 10.56 2.46 2.34 0.64"Sa mg 1 3.92 1.10 X.36 0.21

2 2.57 0.93 1.36 0.22

06 IOM 1 16.40 1.42 0.84 0.22
0 2 14.77 1.22 0.84 0.232000a 1 2.79 0.70 1.09 0.152 3.19 1.40 1.09 0.1S

0 J RM M [ -II[J

KI1 1031 1 3.77 2.27 0.:3 0.20
0 10 20 2 9.46 1.34 0.36 0.21

Amplitude Perturbation in X; for MIC 1 zooms 1 5.20 1.53 0.54 0.16
2 6.30 L.42 0.54 0.14

MDn UwM - VU

KL12 l00om 1 6.10 2.67 0.49 0.27
2 20.74 2.03 0.49 0.26

0 CVF 20063 1 9.44 1.66 O.5S 0.54
O2 1.00 1.1Z 0.49 0.47

CNI
U A PFF

1.5 though the points do M all fall on the diagonal, an

inconsistency is not appart between the nicrophones.
_ One would expect to see a trend of one microphone
S-producing consistently Iowae or higher numbers than the
.2 1 other, particularly in the amplitude measures, if a major

.0 dscreancyexisted between the microphones.
Table I shows results aimed at testing low F, low

( frequency modulation in the voice, and a moving source.
S0.5 With the higher rolloff of the 410 frequency response,
C perturbation measures from phonation with F s below this

roiloff would be expected to produce higher measures for
.. the 410, especially in the case of low F, with vibrato. The

0 data did not indicate a compelling difference. However,
A --. , ... there were several interesting observations with the head

r 0.5 i 1.5 modon task. As expected, the long term amplitude mea-surs (CVA) wereaffected the mosL ForsubjectMl2, CVA
measures forwobblewere two to three timeshigherwith the

Figure 3 (tp). S.,nerpiot ofmicroplonu I (tde 410)va r mi.rophae stationary microphone than with the constn distance
2 (0e 4S1)for mp&We partumbadanauyJ'(CVA ad PFA) aoro to microphone. There were no strong effects for fundamental
m heckb]ls duutA fmuwa aSbjectasrWoFa. Figure4(bottom)•.attr frNeqency measures, however.
pket aimiar to Figure3forfrequwypermrbMan= msurn. Table 2 (following page) presents the correlation

data for the various vocal tasks. Over two octaves of F* the
correlations were all greater than 0.85 when no motion

meas2ues formicrophone I and theY axis for microphone artifacts were present. Most of the correlations were above
2. 0.95. No statistical difference was found between the

The plots indicate that, for the type of amplitude microphones at the p <.05 level. For the head motion tasks,
and frequency perturbation analysis used here, the micro- however, the correlations were all below .85 (p < .05),
phones gave similar results over two octaves of F0. Al- signifying a difference between the recordings.
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The higher rolioff of low frequency response for ___, lý indz WS (i press) phfectuatof

the bead mounted microphone was expected to produceta mcohnhtpen lceeto oceprlbto

of vibrato. Frequency modulation, with its concomitant
amplifude modulation, was expected to affect the long-
term amplitude measures However, the coefficient of
variation of amplitude (CVA) measulres did not indicate a
significant difference. A small variability in short term
measures may be partially explained by individual differ-
ences in microphone phase distortion of the acoustic signal
and by differences in microphone sensitivity CflItze and
Winholtz, in press).

Simpletests with bead motion indcated thatmove-
ment artifact can inflate long term amplitude measures, by
two to three times. Since the microphones gave similar
perturbation measures when no, movement was present, the
head mounted microphone showed a clear advantage by
maintaining a constant source to microphone distance.

Some additional comments are in order. Because
the head mounted microphone moves with the head, the
microphone cable must have strain relief to eliminate
motionnoise thatcan be conducted through the cable. Also,
the electrical output of the microphone is unbalanced fron
the microphone to the XLR connector. This is unfortunate
because it is susceptible to high levels of electromagnetic
interference, such as that radiating from a stroboscopic
light source. Some further epimnaonmay beneeded
to determine if the microphone can be used in various
different clinical environments.

It is important to note that this study used only
sustained vowel phonation tasks. The effects of aerody-
namic a acts at close source to microphone distances also
awaits furthe study. The head mounted microphone may
nO( be the ideal choice for all vocal tasks. However, based
upon the correlation data fora limited setof tasks performed
here, it appears that the miniature head mounted micro-
phone can become a standard for voice perturbation analy-
512.
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Absract prompting the vocalist with a series of pitches from a

A comparison was made between two methods of keyboard insumat, or a pitch pipe, and requesting the
obtaining a Voice Range Profile. One method was truadi- softest ad loudest productio possible (Colema, 1993).

tional, involving a clinician who gave instuctios mod- Th c dearnine whether the effort wa at the right

valed the subjectto achieve the grest intensity range, and pitch. Motivating the vocalist to give the best performance
d d when the, goal was achieved. Tin second (their absolute softe and absolute loudest) takes consider-

method was completely auto involving the use of a able time and effort from the vocologist (clinician or

videotape for instruction andacomputer for elicitation and teacher). It is not unusual to spend a half-hour to get a
evaluation. Results indicated that there is no obvious satisfactory VRP.
prefernce for the use of either metho, but some differ- Given this investment in time, and the possibility
ences e noted. of varied results due to human interaction, it seems logical

to ask if the task could be economized and standardized by
full automation. Each vocalist would receive exactly the

Ssame instructions and coaching (by video tape), and the
The Voice Range Profile (VRP), also called the frequency-intensity information would be gathered and

phonetogrum (Damstd, 1970), is used as a clinical tool to plotted by computer (Pabon & Plomp, 1988). The present
establish a vocalist's range of intensity from the lowest to investigation deals with the trade-offs between the loss of
the highest fimdamental frequencies (Coleman, Mabis, & information and the gain in economy when the VRPproe-
Hison, 1977; Schutte, & Seidner, 1983; Gramming, 1988; dure is fully automated.
Klingholz, 1990). Typically, the VRP is obtained by
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The study wasconducted a n AC recording ::
booh (11'5" x I05" x 81) a dhe Rcordfg ad Reseach '.

of te Deaver CeW L fo 'the PfoW inU Arts. Two _'' ______"___-__--__--

sepamme protocols were established for obtaining a VRP, -. ....
and all msbjecs followed both protocols. ,*-"L' "'

A ta of 20 subjects were involved in the study. ::__,--_ : ....
The consuated of 10 males ranging agefrom 30 to 42 -- ' " ' '" ......

year.withameenageo(37.4 yearad 110tfemalesrmang .- , .. .. ,
in age from 2.4 to48 yam with amemage of 32.9 years.
As determined by a questionnaire, the subjects were free of - -
my history of laryngeal pathology and each subject re-
por ath be.wshe w in good vocal health at the time oftbe *",-- ,., -,- - ,-. ....- ,. ... . -
study. A laryngeal examination was nam conducted for _________ __________

economic reasons. None of the subjects had had formal :"
voke training and all were unfamiliar with the experiment. ;. .
The subjects were divided into two groupL Five females ,.. •-
and flve males did Protocol 1 followed by Protocol 2, while L.. , - - -

the other groups of five females and five males did the
protocols in reverse order. "- "

Protocol 1I.
A certified speech language pathologist (SLP- 1"1-_ ---_-_- _

CCC explainedheprocedurefo obtaininga VRPto each _-- - - .. , . .
subject. Aftertheprocedurewasclarifled, eachsubjectwas fi. ,.,
asked to produce a sustained la/ vowel at a comfortable
pitch and intensity. The purpose of this was to determine
a starting pitch which would presumably fall within a Fimr I-. Cwrasm of a•aa, (ae•d Lbs) and cnimp-d
comfortable range for each subject. (Invariably, the pitch (omJ,,wks) Vu.e Prw (a) Tpevuueremhw •bjacbi•udJ

volunteered by each subject was within a few whole-tones, bo. cam.
of his/her lowest sustainable frequency in modal register.)
The clinician then used a small keyboard instrument to
prompt the subject with successive target pitches. up to a kne at or near the top of the vocal frequency rlfge

In order to facilitate comparison of the clinician- and working down from there. (This was especially helpful
misted VRP with the automated program, the chosen in eliciting falsetto productions from the male subjects.) In
target pitches coresponded roughly to the center of each some cases, afterreviewing the overall profile, the clinician

"frequency bin" contained in the computerized program- had the subject repeat his or her efforts in a particular pitch

The target pitches determined in this maner consisted ofa region if she had reason to feel the best performance for

whole-tone scale spanning the subject's entire range and those tones was not captured on the first trial.

containing the pitches c, d, e. ff, g# and a# in each The subjects were encouraged to produce the.x

successive octave, least and greatest SPL efforts at each target pitch without

For the most part, a fairly regular pattern of pitch regard to musical quality of the tone, but, at the same time,

presentation was followed from subject to subject. That is, without causing discomfort. Wben appropriate, modeling

each subject was asked to produce the target pitches in was provided by the clinician. Acceptable productions

descending order from his or her starting pitch down to his were those judged to be "stable" and at least 1-2s in

or her lowest sustainable tone, then in ascending order from duration. The sound level of the phonations were measured

the starting pitch to the highest tone he or she could produce. with a calibrated Bruel and Kjaer Type 2230 sound level

The best of three efforts at each pitch and intensity level meter atamouth-to-microphone distance of approximately

throughout the subject's range was recorded. For some 8 cm. Th meter settings were RMS, fast, and linear

subjects, a shift into a higher vocal register was facilitated frequency weighting (20-20 kHz). The clinician deter-

by allowing them at some point to skip from modal register mined by ear whether a particular pitch was adequate or
should be revisited.
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prebbmed 2 The autowmaed programl allowed the subject to
Standardized instructions; were given using a 5 select any pitch at any time, and subjects could return and

minute video tape (narrative shown in the Appendix). Thle improve their effort any time during the 30 minute period.
tape gave a bef explanatiom of the purpose of ft VRP and
how it would be elicited., The subject was encouraged to do RelSd
as well as possible without straininig the voice and was also Figure 1 (previous page) shows overlays of VRPs
Infomed that plionation in mny tome and loudness order was obtained with the two procedures on ten normal subjects.
acceptable. The Wae (eatuced a person working inteaco Mi automated procedure (solid lines) was adm~inistered
tively with the computer to obtain fth VRP. Following the first and the cliniciua-assisted procedure (dashe lines) was
video tape a head mounted numirphone (AKG C410), administered second. Males wreon the left pawel (Figure la)
located 9 an from the mouth at an angle of 45 degrees fro and femnales wre on the right (Figure ib). Each subject is
the center of the lips. was placed on the subject.. The subject idetified by letters in the upper left corne of each plot.
was reminded to use only the /a/ vowel, to refirain fro Fundamental frequency is plotted in equal logarithmic
adjusdng the microphoneand to give the besteffort without ine~vl and intensity is plotted in dB.
straininig fth voice. Any questions regarding the concept or Figure 2 is simila to Figure I except that the two
thepirocedurewere anaweredlat this time, aslong as they did Procedues are reversed and different subjects were used.
not pertain to performance expectaions. The voice signal Thlus, qualitatively the results are the same, but individual
was acquired directly by compute and Fo and intensity dlifjiernes ar evident
were extracted and displayed in real-time. The voice signal Tables I and 2 (next page) contain data extracted
was also recorded on DAT for archival purposes. ftm th rigurs. Mw ara h VRP envelope is measulred

The Fo and intenisity extraction algorithms were
implemented on a MaclI FX computer using Lab View, a _______

graphical block-diagram oriented digital signal processing ---~ ---- I
system. The system consisted of display and Programming ::j f-'L.-
software as well as hardware digitizing and processing :~~
boards (TMS32OC30 based)._________ .

The microphone signal was digitized at 22 kHz 6 o08i S
and segments of 512 points were analyzed with the DSP .~''-

board. For each segment, the cepstrum was calculated
(Noll, 1967) and the fundamental frequency was extracted ~...

byfindingdie largest peak in the cepstral signal subsequent v i- -~-~

to the initial onset tranlsient (Hess, 1983).L -" - -- . .. - --.

While the pitch was extracted, the intensity was
obtained from the variance of the microphone signal (aver- ::
age Rsquaed difference from the mean) to eliminate low :j ~ ~. >1

frequenicy drft For display, the intensity was converted to :: '#'
decibels. Once both FD and intensity were obtained, they.....- . .. ~ . . . . .

were compared against the noise threshold and not used ifWT
below the noise threshold (noise was below 65 dB in the.1
recording booth). The intensity-f~requency data pair was † † † † † †. .

then displayed as a black "X" on the screen and added to a :

li fdt ar etfrtels 1.5 seconds. Mwelist was .* *,* -.-

then examined to see if it met a steadiness criterion. The
criterion was defined as: a minimum of two on the list, le= .14 - -i
than 4dBl SPL variation, less than 1.5 seconds time duration .

elapsed, and a maximum of 0.09 log units in frequency :I
variation (log m.)-lO(F..)<0*09)* This criterion was a _______

compromise between stability and subject frustration. Once - . . . . .

the criterion was met, the average intensity and Fo for the Fig. 2(a F.,Zb

list wasl calculated. If this point was above the current FiueICmasoofutnw(fd w ndciin-smd
maximum or below the current minimium for a frequency Fid=W2hCu~wiivcemSeof flaeat (salad rlu)midscbjesnicm iidM
bNo (indicated by a blue and a red line, respectively), a w"" fea u~t7ma~a procediut , %w adwred
replacement line was drawn. maimd in bothcsh s
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single tone varied from 30 to 52 dB for the automated
TAl L protocol and 27 to48 dB for the clinician-am isted protocoL

dmuluS sm m cc com cr .Imm d M 1d VW& Siaem th rmngesarerelaive, they are more usefu cthga the
Noaua given i nc~si dicena bin.

oamAmi~,s so kabmlm., absolute maximum and minimum Iudnem. It should be
noted, however, that the tone or bin at which the maximum

2a MSLLpL nie occurred vaied from subject to sub)ject and also from
Cliii Aut~teg Clincan hu1M AL one protocol to the other.
AOL S77 423 20(1). 17 A duaee factor repeated measures ANOVA was
AS 34 464 21(211 19 performed using gender, protocol orderand protocol type as
A S3 26 21(20) 17 f(actos Theare ameasurd in dbinsm wa used as a scre.80 458 39: is 16
C, 836 654 22 20 y inte that gender was n highly sifl-
cc 368 442 22(21) 18
91t 333 ,24 12 1 cant ((16,1), (60.37 with significance 0.552). Protocolflu 550 412 is is
cC Soo 417 20 1, order was also not highly significant ((16.1), fo0.06 withOZ 580 447 20 18

i0s so 426 17 is
Kr 424 636 ssignificance 0.03).
S347 361 1 1a Protocol type was signflcant the 10% level but
UW 613 413 24(201 20

6, ,71 s02 22 26 not at 5% ((16,1), (W3.13 with significance 0.096). ThePG 458 601 19(18) 18
so 33s 347 1 18 cross effects of these factors were ll amt significant.
S" 282 326 14 13
TD 6 U5S 22 19 A scattergram of clinician-obtained vs computer-
s06.3 461.4 3,.( .1. 17.1 obtained VRP aiea scars is shown in Fig. 3. The PearsonsD 142.6 109.6 3.3( 2.8) 2.1
WK 282 260 12 13 bivarate, two ailedcoemlation between these two methods

H836 654 24 (22) 20
yields a corelation coffcient of 0.5286 and significance
of p = 0.017, indicating moderate correlation between the

as a cumulative sum of dB range per bin. Each bin is a unit protocols.
wide, and is centered about a tone on the musical scale. For A subjective, visual comparison of the computer
those bins in which only one loudness level was achieved, versus clinician obtained VRPs presented in Figures I and
the range for that bin wa set to 1dB. The areas ranged from 2 reveals similarities between the profiles obtained by the
260 to 654 dB bins forthe clinician-obained scores and 282 two protocols for most of the subjects. Since the two
to 836 dB bins for the computer obtained scores. The protocols were recordedondifferentdays, itispossiblethat
frequency ranged from 12 to 24 bins. the absolute positioning of the VRP varied according to the

The maximum loudness achieved was 122 dB distance between the lips and the recording transducer. It
using the automated procedure and 114 dB using the
clinician assisted procedure. The minima were 65 and 62
dB, respectively. The maximum range for each VRP at a

800
TddeZ

Muim. and miainim dB level attained and frequency 700

at whij aziuxm dB maP wag aaiUjnd.
O 0

ZA

AOL 117 109 65 64 45. 589 41. 525 Q 500
ADY 115 114 66 49 44. 661 40. 213 Z
AZ 110 13 65 69 42. 1177 41. 417 -I
AP 110 108 66 71 38. 331 27. 331 .*
5D 114 111 67 70 37. 372 36. 417 400
CD 117 114 66 65 50. 661 44. 295
Cc 116 114 66 69 35. 295 31. 295
ER 111 112 69 70 40. 331 40, 331 •e
PH6 119 113 66 69 52. 295 40, 263
CC 115 108 66 66 44. 132 35. 209 300
GZ 122 113 71 70 44, 136 41. 417
is 111 108 72 70 39, 209 36. 417 I
KF 107 112 66 62 39, 589 48. 417
15 111 107 70 69 38. 263 28. 235
IN4 112 110 65 66 47, 525 35 295 200

W 114 109 66 68 45, 146 '35
PC 109 112 6S 63 43, 417 'S 200 300 400 W00 600 700 800 9W0
SD 110 111 67 78 33. 263 .. 525
04 107 105 76 69 30. 417 5. 372
7V 111 112 6 67 43. 8 96 COMPUTER SCORE

am 112.9 110.8 67.3 68.4
SD 4.0 2.6 2.9 3.3
NIN 65 62
MAX 122 114

Figure 3. A scaungrm. of VRP amascoraobkMedfor emh subjet.
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is also possible that there were significant day to day sessions and several commented on the benefit of visual
differeces in the performance of the subjects, a noted by feedback am their performance, particularly with regard to
Colemam(1993). These differences can appear m the VRP self-motivatia. Subject AP isa subject whose SPL ranie
figmasvertically shiftedboundarles. Tbeareacalcu o in t tomad msesion sowed maked mprovemeover
for each VRP Is independent of vertical poddming how- the sessioL It is inteesting to am that.
ever. If one discouns dais vertical suif- the similarities although this subject had significant difficulties with pitch
between the two proffles become mom appauen This is matching in the clinician-assisted session, the automated
particularly evident in the prfiles of subjects CG, M and VRP reveals a fairly smooth profde. Undoubtedly AP
MW in Figure I and TD, JS, and ER in Figure 2. Of benefitted considerably from visual feedback in the auto-
patcula interestis the unusual "square" profile ofsubject maled session, and the lack of a requirement to match
ER., which is faithfully duplicated in the antomated session. particular pitches.

Frequency (bin) range between the two VRPs One source of variation between the automated
typically differed by one or two bin at either end. Some VRPs and the dinician-elicited VRPs can be attributed to
notable outlers in the lower frequency bins wre evident in the fat hat occasionally the computer extrac and records
the proffies ofCG, PGM and AJ in Figure I and ADY, LMI, a "subhaemonic" rather than the perceived fundamental
AP, and ADL in Figure 2. These do not reflect actual pitch frequency. One mightargue that thisisan accurate acoustic
range differences but appear to be related to the detection represetation of what is actually being produced and
of subliarmonics, which are discussed more fuily below, therefore a valid measure in the VRP. On the other hand,

Comparison of the profiles suggests that for some it is easy to see how a VRP that demonstrates frequency
subjects, clinician involvement appeared to be of great ranges below 150 Hz in female subjects could be very
benefit. For example, the computer-elicited profile for misleading to a clinician. If these measures reflect
subject PG in Figure I reveals a markedly reduced perfor- subharmonic activity one octave below the actual pitch
mance in the higher frequencies as compared to the clini- target or perceived fundamental frequency for that phona-
cian-assisted profile. A review of the audiotape revealed tion, they should at least be labeled as a different vocal
that, for the most part, there was a reduced overall effort by quality.
the subject during the automated session, both in terms of Many times these subharnnonicsappearasobvious
dynamic range and length of phonation. There appeared to outliers on the low frequency end of the VRP as can be seen
be a lack of motivation for producing the higher tones. in the profiles for CG, PG, and AJ in Figure 1 and ADY and

The computer-elicited profile of KF reveals a AP in Figure 2. These readings reflect the computer
depressedamon thehighSPLtracing throughthissubject's response to subbarmonics produced during the production
mid-frequency range. Intuitively, one might suspect that of tones in the modal register. In some cases the presence
this depressed area of performance could be related to of subharmonics in the lower bins is less easily identified.
difficulty on the part of the subject in negotiating a shift Subject LMI in Figure 2 appears to have a continuous
from a heavy, chest-type register to a lighter register. A profile extending well below what would be expected from
review of the audiotape from this subject's computer- a female subject Review of the audiotape revealed that
automated session suggested, however that KF did indeed although her lower range was quite impressive, the record-
have some difficulty producing high SPLs without the ing of bins below 100 Hz were actually subbarmonics
assistanceofaclinician in this transitionalregion. Onealso produced during production of tones one octave above.
might suspect that the "gap" on the low SPL tracing in this This is the case with the lower bins recorded in subject ADL
region would be typical of reduced dynamic control in the as well.
region ofregister shifts; in this particular instance audiotape The recording ofsubharmonic activity can present
review suggests that this gap was likely due to difficulty more subtle variations elsewhere in the profile, since pro-
with phonation stability, i.e., the computer rejected those duction of very high frequencies occasionally results in
attempts as unstable. subharmonic recordings that might impact on the shape of

In addition to occasional problems with phonation the mid-portion of the VRP. It is felt that this is not a major
stability (which seems to be more prevalent with higher problem since the energy produced by these subharmonics
frequency productions in general, and with lower SPLs in tends to fail within the profile envelope and thus does not
the modal register), gaps in the contour of the automated replace SPL values recorded at the actual target pitch. The
VRP also occur when a subject, for one reason or another, fairly close agreement between overall VRP shapes for
does not revisit acertain tone in an effort to better his or her these subjects would seem to confirm this.
performance. This was the case with subject LMS and
accounts for the lower tace peaks at about 185 Hz and 520 Conclusions
Hz. The gap at400 Hz was due to pitch stability problems. Results of this study suggest that, for normal

A number of the subjects demonstrated improved subjects, a full Voice Range Profile can be obtained with a
overall performance in terms of SPL range in the automated
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fully-aumtomated protocol This may save a clinician con- need fora better definition of fundanental frequency when
slderable time and efforL By using fixed, objective criteria the voice strays from being a steady state phonation to
for determining steady-state ponaiod, clinician variabil- displaying diplopho.nic rough. or even chaotic chascteris-
ity in weptanc crioriia is eliminated. The computer tics.
considers voice stability insofar as it is measurable in pitch The differences in VRP areas between the prowo-
variability, intensity variability and timing. Musicality is cols for each subject suggests that the VRP obtained is
not a criterion. influenced by the protocol (but only at the 10% significance

The visual feedback offered by the automated level). It would be useful to study whether for a particular
procedure can be a helphul aid to both the clinician and the protocol a subject can achieve a consistent VRP over time.
subject, since there are sometimes difficulties in eliciting One might wonder how much of the increased
vocal utterances (became of pitcl-matching and pitch- VRP area demonstrated in some of the computer-obtained
perception problems). profiles was aresultof greater performance on the high SPL

For those clinicians who have tmuble identifying side. This does bring up a two-fold concem: (1) Does one
pitch, this tool relieves them of this burden. The subjects run the risk of some over-zealous subjects straining their
also benefit since they are not required to match specific voices in the situation where clinicians are not present to
pitches, but may choose pitches randomly throughout the monitor vocal behavior, and (2) Are the high SPLs under-
fr•quencyrange. Therearesomesubjectswhomightprefer estimated in the clinician-assisted sessions because of
presentation of a pitch target or would benefit from a clinician bias? The clinician may have had a preconceived
reminder of a pitch which needs to be revisited. The notion of what is safe as a maximum SPL level, based on
program could be modified to work with a keyboard so that effort perceived from the subject For this reason, it is
any tone desired could be presented through an earphone. possible that a clinician might not push for the loudest

Review of the audiotapes from the automated productions. The problems of self-inflicted vocal abuse in
sessions coupled with subjective analysis of the profile an automated procedure and over-guarding in a clinician-
displayssuggest that for some subjects theautomatedVRPs assisted procedure need further addressing.
may underestimate the high pitch ranges (due to tracking
difficulties) and overestimate the lowerpitch ranges (due to Acknowledgement
the recording of subharmonics). These problems could be The work was supported by Grant No. RO0 DC
controled by including a brief period of clinician interven- 00387-06 from the National Institute on Deafness and Other
dion at the end of an automated session to confirm the Communication Disorde.
validity of the lower bins in the VRP and to fil in the gaps
at the upper end (and elsewhere, if necessary). The intro-
duction of the clinician would make it difficult to maintain Referenc
consistency of presentation to the subject, however. The
alternative is to leave it to the subject to interpret their Coleman, R.F., Mabis, J.1, and Hinson, J.K. (1977).
effort. Fundamental frequency-sound pressure level profiles of

The question of how to deal with the recording of adult male and female voices. Journal of Speech and

subharmonics in the automated profile bears further inves- Hearing Research, 20, 197-204.
tigation. Perhaps future modifications to the computer
algorithm might include a means of reducing sensitivity to ColemanR.F. (1993). Sourcesofvariationin phonetograms.
subharmonics. When the cepstral technique is used for Journal of Voice, 7(1), 1-14.
pitch tracking, the largest peak in the cepstrum is identified
as the fundamental (excluding the transient part at the Damst6, H. (1970). The phonetogram. Practica-Oto-
beginning of the time line). When subharmonics are Rhino-La.rygologica, 32,185-187.
present, the largest peak in the cepstrum may appear at the
period of the subbarnonic, indicating that this peak is a Gramming, P. (1988). Thephonetogram: An experimental
better candidate for the fundamental. A possible solution and clinical study. MalmO, Sweden: Department of
might be to provide a keyboard for the subjects to prompt Otolaryngology, University of Lund.
themselves. The computer could identify the tone and
narrow its expected pitch period range so that it rejected Hess, W. (1983). Pitch determination of speech signals:
fundamental frequencies more than half an octave away. Algorithms and Devices. Heidelberg, Germany: Springer-
The subject would then be expected to phonate close to the Verlag.
keyboard tone. This would restrict the subject by requiring
pitch matching (although the order of the pitches is still Klingholz, F, (1990). DasStimmfeld[Voicearea]. Munich:
determined by the subject). This problem illustrates the Verlag J. Peperny.
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Noll, A.M. (1967). Cepstnma pitch determination. Jounua You have 30 minutes to do this task. Take your
of •h. AcoUtical Society ofAmerica, 41, 293-309. Ume. Remember, you can always go back to a particulr

pitch and try for a louder or sofer sound
Pabou, J.P.H., and Plomp, R. (1988). Automatic TIepurpose of the ecper•neutis toestablish your
phometogramn recording supplemented with acoustic voice- loudest and sofest sounds at every pitch. During the
quality purmeters. Journal of Speech and Hearing Re- experiment strive for maximum effort, but avoid discom-
search, 31, 710-722. fortin yourvoice. When you are though, use the phone and

dial the extension provided.
Schutle, H.I., and Seidner, W. (1983). Recommendation Thanks again for participating in this expedment.
by the Union ofEuropean Phoniatricians (UEP): Standard-
izing voice area measurement/phoeetography. Folia
Phoniatrica, 35.286-288. *The tape is available by writing to: The Recording and

Appendix Research Center. 1245 Champa Stre, Denver, CO 80204.

Narradve om Vieo Tape*
Thank you for participating in this experiment at

the Recording and Research Center.
On the computer screen behindme is a voice range

profile program. The purpose of the program is to measure
your loudest and softest efforts from low pitch to high pitch
to determine your vocal range.

Please watch this video tape in its entirety before
using the progran. On t horizontal axis, the program will
display your pitch, from lowest to highest. On the vertical
axis, the program will display your loudness, from soft to
loud. There is a range switch in the lower right-hand corner
of the sceen. To control the switch, use the mouse to move
the curer on the switch. Press the button to change the
switch from the "M" position to the "F" position. The "M"
position is for pitches less than 500 Hz, or this portion of the
screen. The "F" position is for pitches greater than 500 Hz,
or this portion of the screen.

When you make a sound an "X" will appe - on the
screen, indicating the current pitch and loudness levels.
When a sound is held for approximately one second, a blue
and a red bar will appear on the screen. [Demonstrates]
"Ah." The blue bar indicates the loudesteffort at that pitch,
and the red bar indicates the softest effort at that pitch.

To move the blue bar up, make a louder sound at
the same pitch. [Demonstrates] "Ah." To move the red bar
down, make a softer sound at the same pitch. [Demon-
strates] "Ab."

To increase your voice range profile, repeat the
same process at different pitches. If the "X" appears
between the bars, they will notmove. They will only move
when you are louder than the blue bar or softer than the red
bar. [Demonstrates] "Ah."

Here's an example of how to begin building your
voice profile. [Demonstrates] "AlM." "Alt." "Al;' "Ah."
"Ab."

On the screen you see an example of a completed
voice range prof'le.
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Perceived Pauses and Durational Characteristics
of Oral Reading and Impromptu Speech

Yu h BoMi, P.D.
Depatment of Communication Disorde & Speech Science, University of Colotado-Boulder
and
The Recrding and Research Center, The Denver Center Ir the Performing Arts

Depatment of Communication Disorders & Speech Science, University of Colorado-Boulder

Abstract by the speaking time. The rate can be calculated with or
without pause durations included in the speaking time.

Speaking-time ration (oTo), utterance and ipee From the primary duration measures, some ratio
duraion oforalreaingand mprmpt spech ere measures can be derived. The speaking-time ratio is the

investigated for twenty young adults (ten males and ten ra su m of utteranedu th a speaking

females). The reading material was the first paragraph of ratio of the sum of uterance durations to the total speaking

the Rainbow passage. The impromptu speech was elicited ime. The phonation-time ratio is calculated as the ratio of

by asking the subject to describe a picture. Results showed the sum of voiced segment durations to the sum of utterance

that oral reading was associated with greater STMs and durations (excluding pauses) or to the total speaking time

mean utterance durations and smaller pause durations tn (including pauses). The articulation-phonation time ratio is

the impromptu speech. No gender differences were found the ratio of the sum of utterance durations to the sum of

for any of the three measures. The average STR phonation times.
Durational measurements have been useful in

.87 for oral reading and.69 for impromptu speech. The STR describing speech characteristics, for example, of dramatic
vlue of .87 for oral reading was muchgreater than the value reading (Fairbanks and Hoaglin, 1941), of superior esopha-
of.70 reportednbya normative studyiepploying 120cyoung geal speakers (Horii, 1983b), of a dysphonic patient
adults. A potential cause of such disparity and clinical etal., 1987),ofstutterers(Horii&Ramig, 1987)
significance of STR measu ents was discussed. and of dysarthric patients (Till & Alp, 1991). Analysis of

pause frequency and durations of spontaneous speech,
furthermore, has received increasing attention as ameansof

Suprasegmental durational measures of human examining latencies of underlying cognitive processes (see

speech reflect important underlying cognitive and physi- for example, review papers by Goldman-Eisler, 1972;
speech roefl .Thet importasgnt m trlyg ognitiv me ahsure O'Connell & Kowal, 1981; Rochester, 1973).ologic proesses. The suprasegmental durational measures There is, however, a pancit7 of normative data.

include total speaking time, utterance and pause durations, Tbr l i s howev the a Uterarureo furthermore,

voiced speech segment durations (also called phonation are often difficult to compare and are nondefinitive regard-

time) and voiceless speech segment durations. The total an possible ag e and grencesind tioa char-
speaingtim isthesumof he uternceandpaue dra- ing possible age and gender differences in durational char-speaking time is the sum of the utterance and pause dura- acteristics of connected speech (Hartman & Danhauer,

tions. The utterance duration is sometimes called articula- Oyer & D ea 1985; W ar, 1 T hes e re
tio tie, nd s te sin f vice an vocelss egmnt 1976; Oyer & Deal, 1985; Walker, 1988). These data are

tion time, and is the sum of voiced and voiceless segment difficult to evaluate due to confounding factors of speech
durations. Given the number of syllables or words in the tasks (e.g., oral reading, recitations from memory, sponta-

utterances, the rate of speech can be expressed in terms of

words/minute or syllables/minute by dividing the number neous speech, conversational speech), differences of the
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reading texts, the amountofspeech samples, and variations the male and female groups were identical (23.9 years).
in deflnitions of specific measures. Other factors influence They were all native American English speakers and all
duradsioa measures in connected speech as well. These spoke the same dialect of American English usually char-
factor include speaking conditions (loud versus soft), acterized as General American. They were free from
emotional seaies, type of audience (children versus adults, speech-, language-, reading- and hearing-problems. All
for example) and subject matters. subjects were considered to be untrained speakers.

Speech tasks (oral reading versus impromptu
speech, for example) affect not only themagnitude butalso Speech Materiab and Recording Procedures
the interpretations of durational easurements. In oral For the purpose of comparison with the Walker
reading. breath grouping is nonmally determined by the study (1988), the first paragraph of the Rainbow passage
linguistic structure of utterances. Readers pause at linguis- (Fairbanks, 1960) was selected as the oral reading texL The
tically appropriate boundaries (e.g., phrase and sentence passage has been frequently used (especially the first
boundaries) primarily to replenish the air reservoir in the paragraph) for speech research as well as in speech clinics.
lungs. In impromptu speech, on the otherhand, the speakers The first paragraph consisted of 98 words and took on the
focus not on the oral delivery but on the on-going formula- average 30 seconds to read. Impromptu speech was elicited
lion of ideas and transformation into linguistically appro- by asking the subject to describe a picture. For the
priate strings of utterances. Obviously, the subject matter impromptu speech, no attempt was made to replicate the
of the impromptu speech profoundly affects utterance and Walker study. The order of the task was counterbalanced
pause durations. so that the half of the subjects started with oral reading while

The paucity and difficulty of comparisons of the the other half started with impromptu speech.
limited normative data are also attributable to instrumental Each subject was seated in a sound-treated booth.
difficulties and differences. Durational measures of con- A condensor microphone (Sony ECM50) was placed ap-
nected speech inherently require relatively long speech proximately 15 an from the subject's lips. The voices were
samples. Traditional analog methods such as oscillo- recorded at a transport speed of 7.5 ips on an AMPEX
graphic and spectrographic analyses and the use of graphic magnetic tape recorder located in an adjacent room.
level recorders are not well suited for the analysis of such
large samples and are time-consuming, laborious and costly. Perceptual Analysis of Pause
Recentadvancement of technology including digital meth- Five female graduate students were randomly
ods and softwar however, promises an increasing amount selected from a research method course in the Department
of durational studies of connected speech (Horii, 1983a; of Communication Disorders and Speech Science, Univer-
O'Connell & Kowal, 1981; Ruder & Jensen, 1970; Till & sity of Colorado to provide perceptual judgments as to
Alp, 1991; Walker, 1988; Watanabe et al., 1987). location of pauses. The students were native speakers of

Prior to applications of durational analyses to English, and were free from problems in speech, language,
speech produced by individuals with various disorders, hearing and reading. Each student was seated in a quiet
further accumulation of normative data is warranted. The room, listened to oral reading played via a loudspeaker
purpose of the present investigation was to examine STR of (Ampex 622) and was instructed to place slash (/) marks on
oral reading of a standard text and impromptu speech by a response form at "pauses" detected in the oral reading.
young adult males and females. The oral reading task was The response form had the first paragraph of the Rainbow
chosen because it provided tighter control of speaking passage typed in double spacing. "Pause" was not defined
conditions, linguistic content and structure, and size of in the instructions and its definition was left to the students.
speech samples. The impromptu speech condition was Eachstudentwasallowedtolistentotherecordingsasmany
included in the study to obtain preliminary STR values for times as necessary. The results of pause identification were
such speaking condition and to compare with the oral usedtodetermineappropriatevaluesofinputparametersto
reading tasks. The oral reading task was of primary interest an automatic durational analyzer (described below) and to
for the comparative purposes with equivocal STR values verify agreement in numbers and locations of pauses be-
reported in the literature. STR values ranging from .53 to tween the perceptual and automatic analyses.
.91 for oral reading tasks can be found in the literature
(Fairbanks & Hoaglin, 1941; Horii, 1983c; Walker, 1988). Durational Analysis Procedures

The recorded voices were played back, fuliwave

Method rectified and smoothed by an RC lowpass filter (Dobkin,

Subjects 1969). The rectifying and smoothing extracted the intensity

A total of twenty young adults, ten females and ten envelope in real time. This intensity envelope was digitized

males, served as subjects. They ranged in age from 18 to 27 by a 12-bit analog-to-digital converter at a rate of 1000

years with the mean age of 23.9 years. The mean ages of times per second, and stored on a 386 microcomputer disk
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using CSRE (Caaln" Speech Researchi Environment)
softwre. a? 3gX8, 80i ý,4 V LEIGIN 4328

The digital intensity envelope was subsequently (LO 0 3-,AA,

analyzed for utterance and pause durations by software 6 ~ ~ k iJ~.

developed by Horii (1983a). Given a specification of the -.f Al , 1 -t t t t t

maximum amplitude threshold for pause, the minimum 'O ?- ... -

duration of paume, and the minimum duration of utterance, A

the program identified utterances and panu and printed : - I
out means and standard deviations of utterance and panse fý 0
duratiom, number of utterances and speaking-time ratio. I .... .......... ___.

L 0Rem&
Resultsmofthepause identificatons yielded unai- _J. . . . -. , - -. ..... ,.

mous agreements among the five listeners for 18 of the 20 I A ad yf lP pmki

readings. For the remaining two readings, two of the five ag ,eg made dw swd umn-. m (A-B. ArpTumbicae
listeners detected an additional pause. For each of the pome detected by te automadc dwrum ,matner ,d vernled
twenty readings, the number and locations of perceived pew*Uauy.
pauses were noted. For those two readings with
nommnu imous results, the results of the majovity (3 ofe automatic durationanalyzerfor the same intensity envelope
listeners) were e . listed the duration of the second utterance, in particular, to

ReUlablity and Validity of Measurements be 3629 ms. Overall, results of the automatic analyzer and
The reliability and validity of the automatic dura- manual cursorposiuoning demonstrated a Pearson product-

tion anlyzer have been investigated and found mfactory moment correlation of .999 with the average absolute
(HoriL, 1983a). For example, when square pulses of I and measurementdifferene of less than 3 ms. Tbhenumberand
10 pulses/sec: were submitted to the analyzer, results were locations of pauses were identical to the listeners' re-

within 2 milliseconds with an average difference of 0.3 spumes.
milliseconds from oscillographic hand measurements.
Because the recording quality affects the reliability and
validity, additional tests were conducted for the voice
samples under investigation. In particular, values tobe used Tfae 1 Varl were
for the program input parameters (the maximum amplitude mta unmrce drawiom (U), uternnce matuioe landard devazioma
threshold for pause, the minimum pause duration, and the (Uad). mesa pai•e dratiow M, poe duadon amndard deviatiou
minimum utterance duration) were carefully explored be- 01Wd) (&n mlmoond) =W seabng4ime ratio (sFR).

fore the rinal analysis.
Eventually, the following values were deemed Male subjects Ud P P s

appropriate: the maximum amplitude threshold of.2 volts 1 3092 1319 406 197 .90

(about 34 dB below the peak amplitudes, about 10 vols, of 2 217 1172 368 114 .893 3083 980 419 170 .9

the intensity envelope), the minimum pause duration of 100 4 2121 701 512 248 .82
5 2069 897 568 276 .80ms and the minimum utterance duration of 200 ms. These 6 2044 1117 475 180 .82

72261 1065 310 1313 .89paramet values produced number and locations of pauses 8 2506 584 492 166 .85

fobr ea h )aiof te9 3237 15 0 372 244 .91
identical to the perceptual results for each of the twenty 10 2348 851 495 285 .84

readings. Mean 2568 442 .86

As an example, Figure I illustrates an intensity S. D. 445 75 .04

envelope with cursors positioned at the beginning (A) and Female Subjects

1 2498 1114 627 318 .81

end of the second utterance (B). The graphics in the middle 2 3021 1315 360 168 .90
3 2630 1417 427 213 .87

row show an expanded waveform around the cursors (A and 4 2422 1333 332 148 .89
5 3772 1263 528 73 .89

B), while the graphics at the bottom show waveforms 6 2514 952 387 170 .88
7 2871 1641 297 127 .91further expanded at the cursors. The CSRE display shows 8 3484 1170 419 73 .91
9 2321 623 321 98 .89

that the durationbetween the two cursors is 3630 ms. Pauses 10 2578 1020 571 209 .83

are indicated by arrows (hand-drawn by the investigator Mean 2811 427 .88

afterperceptual verification). Acomputerprintoutfrom the S. . 457 107 .03
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Table L. T" e&.
[livklia and giVm mdii fo iunpwaqt speech V•, Mabes wal Mmamn -- andad deviadow (in pu•rsai•) of th m
man same dramas (U), uaa dsan onuie nmdu, d m sarae une a (U), man pani dlinamo (P5, bo& in
(Umr, ,-n pmrom drwam (P). para dradom jaMnn devianm a d andc apeakongm- rmo (STR) fh d aru redimag

(Pd) (al an misuWAM ,) and Rqmag-ic 1i8 (ST). ad WiVulma speed by te tweny yomg a.b-.

ale Subects Pad ST Variables oral Readinq Impromptu Speech

1 U018 1093 1490 1759 .58 2689 (467) 1906 (347)

2 1324 661 1023 816 .57
1395 902 721 472 .66 P 434 (93) 909 (341)

4 1443 466 947 597 .61
:1813 1041 898 1094 .67 STR .87 (.04) .69 (.09)

6 2527 1753 645 676 .80
7 2078 1519 888 a 819 .71
8 1841 1077 781 530 .71
9 1787 807 842 602 .68

10 2235 1441 643 489 .78
Mean 1846 888 .68

S. 3. 366 233 .07

Psasle Subjects Goanal Fndg
1 1542 841 1950 1532 .45
2 1966 1054 721 457 .74 The current investigation revealed that the oral
3 182 5 949 00 511 .70

S 9 1048 6:37 376 .76 reading was associated with greater mean utterance dura-
5 1832 1255 1266 1358 .60
6 1788 836 1207 1159 .60 tionsand smaller pause durations compared to impromptu
7 2004 89S 970 719 .70 descripti) peech Thet'mdingswerenoisurprs
8 I818 1460 735 544 .72 on S * "211 o 975 2, 8 ing because ofteJ nature ofthe tasks. When individual data

Mean 1966 931 .69 were examined, only one subject had shorter mean uter-
S. . 316 420 .11 ance and only two subjects yielded longer mean pause

durations in oral reading than impromptu speech. There
Resu~lts was, however, no exception regarding greater speaking-

time ratios for oral reading than impromptu speech. On theTables 1 (previous page) and 2 show the results of average, the mean utterance and pause durations and speak-

the durationalanalysis for the oral reading aid spontaneons ing-time ratio of oral readings were approximately 141%,
speech, respectively. Tables show individual and group 48% and 126%, respectively, of the values for the im-
results for mean utterance duration (U), utterance duration

standard deviation (Usd), mean pause duration (P), pause Walker (1988) reported an average speaking-time
duration standard deviation (Psd) and speaking-time ratio' ratio of .70 for 120 young adults reading the same text, ie.,
All durational measures are presented in milliseconds. the first paragraph of the Rainbow passage. The present

Two-factor (gender x task) analysis of variance investigation yielded the speaking-time ratio ranging from
with repeatedmeasures revealed that the gender differences .80 to .91 with a mean of .87 for the twenty young adults.
and the gender-task interactions were nonsignificant at the The current finding is consistent with the findings of earlier
.05 level for utterance and pause durations and for speaking- studies (Horii, 1983b; Hori and Ramig, 1987) thatreported
time ratio. The task differences, however, were significant average speaking-time ratios of about .85 for the same text
at the .001 level for each of the three variables (Utterance by adult subjects.
duration: F1,18=25.45. Pause duration: F1,18=39.12. The average STR value of.87 found in the present
Speaking-time ratio: FI,18=63.66). study is much greater than the values reported by Fairbanks

Because the male and female differences were and Hoaglin (1941) ranging from.53 to.71. In their study,
nonsignificant, the measurement results were combined, however, the subjects were six amateur actors and were
and Table 3 (following page) shows means and standard asked to read a 27-word passage in five different emotional
deviations (in parentheses) of themean utterance and pause states, i.e., contempt, anger, fear, grief acd indifference.
durations in milliseconds and speaking-time ratio. As seen The passage was "There is no other answer. You've asked
in the table, the oral reading task produced longer mean me thatquestionathousand times, and my reply has always
utterance (2689 ms), shorter pause (434 ms) and greater been the same. It always will be the same" (p.85). With
speaking-time ratio (.87) than the impromptu speech (1906 such a dramatic reading, there could be more and longer
ms, 909 ms and .69, respectively). The greater speaking- pauses in the reading yielding low STR values.
time ratio was a necessary consequence of the increased For the impromptu speech, the average STR value
utterance duration and decreased pause duration in oral of .69 found in this study was difficult to compare with
reading. findings of other studies mainly because of the differences
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1n the munMMer of eliciting impromptu speech. Walker measures, STR in particular, two readings (one from the
(1968) repored an average SIR of.62 while Till and Alp male and one from the female group) were randomly
(1991) reported an average of.78 when their subjects were selected and submitted to the durational analyzer with
asked to engage in conversational monologue with a Us- various values of the amplitude threshold.
eter. As sted earlier, the task (picture descriptions, for Results are summarized in Figure 2 where the

example) and the subject matter would have considerably abissmis the amplitude threshold in volts and the ordinae
affected the utterance, pause durations and frequencies, is the resulting STR values. The x's represent results for the

male subject (#9) and the o's for the female subject (#3).
TMe Effect of t6e Maximum Amplltude T1ruehod for The amplitude thresholds between the two vertical dotted
Pamin lines yielded the number and locations of pauses identical

As mentioned earlier, the automatic analysis pro- to those perceptually identified by the majority of the five
gram uses the maximum amplitude threshold to define a listenaers.
pause. Toassess theeffectof the threshold on thedurational As seen in the figiure the effect of the amplitude

threshold was systematic as expected. As the threshold
increased, the STR decreased. When the threshold was set
too low, such as.1 volts in the figure, the entire envelope

Speaking-Time Ratio was above the threshold, and thus no pause was detected,
- resulting in an STR of 1.0 for the male subject. For the

o_4 0 female subject, the same .1 volts threshold produced onlyO 1 1 Itwo pauses and the STR was an inflated .97. On the other
hand, when the threshold was set too high (above .4 volts for

• A O• these examples), the STR decreased, with more pauses
detected than the perceptual results. Although notshown in

a :the figure, it should be obvious that considerable changes
C occurred to the calculated means and standard deviations of

i[ utterance and pause durations when the number of pauses
> (and utterances) changed for the same reading, such as

between the thresholds of .4 and .6 volts. The figure shows,
" - - - - -however, that STR values were less affected by the change

" o in the number of pauses and utterances.
Considerationof theeffectof the amplitude thresh-

0. old dictates that the best threshold is the lowest threshold
X 0 that yielded the same number and locations of pauses as the

=v perceptual results. This my not be always possible for
-. qm x Osome voice recordings with poor signal-to-noise ratios.

SFurthermore, certain types of speech, e.g., speech produced
o by stutterers and dysarthrias, may not yieldnear-unimons

•" --J X 0 perceptual identification ofpauses. Indeed, the term "pause"
itself can become a source of controversy both in terms of

< definition and measurement.
0 ý

Issues of the Deflnitions of Pause
The automatic duration analyzer defined the pause

as segments of the intensity envelope with the maximum
amplitude of.2 volts and with the miimum duration of 100

0 0 x ms. In essence, a "pause" was a "silent gap" in the acoustic
signals. Fortunately, for the oral reading of the particular
text used in the study, the "silent gaps" were nearly identicalI Ito the listeners' intuitive definition of "pause". The only

exceptions which occurred were between "look" and "but"
Fogure2. STRasafwsctie n tenhxofnaumalepslub det ho9lWsad ofia in the sentence "People look, but no one ever finds it." For
for rundomly selec'ted readings of a male subject #9 (x's) and a female

subec 3 W 7e s va be d do line yielded te these instances, there were no "silent gaps" in the acoustic
umberandluawm ofpamus id•tcat between the autmaic anaýer signals. As perceptual studies demonstrated, "pause" can
adper•wtua resul, be perceived (via vowel prolongations prior to a phrase
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tions of their eight adult normal-speaking subjects to be and by normal speakers. Compmtees and Biomedical
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Absbract shunts for hydrocephalus. Another seven, however, could
Impaired vocal fold motion may result from not be decanulated at the tine of their Sftdy.2

eioarmeold joint fixation, bilateral vocal fold paralysis, Tracheotomy for airway compromise from im-
or mtgruytenoid scarig. Traditional sugical techniques Paired vocal fold mobility has been the gold standard of
have focused on laterallzation or msecting the arytenoid for treatmient. Because of the care and problems associated
airway improvement. This paper discussed three cues of wit taheotmies, many surgeon in the past have de-
bilateral reduced vocal fold motion of neurogenic etiology scned " " P'madew ' ieto improve the glotc
treated with posterior cricoid graftint caue a wider airway. These techniques have focused on adequacy of the
resting position of the vocal folds and arytenoids. Airway airway to allow decaunulation while avoiding aspiration
improvement occurrd in all. Voice results have been and maintaining somse voice. Various authors have de-
encouraging. Advantages of this procedures are: sym- srbdmtnietm rprilayeodcon o
metrical vocal fodsk, no vocal fold orJoint scarring, larynx bilateral imipaired vocal fold mobility, mostly inadults.3A4
remains a candidiat for electrical pacing when that be- Only afew cases of aytenoidectonny in children have beeni
comes available. Acoustic and aerodynamic voice results reported&' Dennis and Kashim have described success
presented. Results shoul be considered preliminary. witheadoscicCQ2 laser partial cordectomy inadults with

vocal fold impairment7 Kashima also discussed his results
I~bW dOUwith C02 laser transverse cordtODmy forbilateral vocal fold

Imparedvocl fod mbilty ay rsul frm a impairment' Multiple methods of lateral ffixation of the
va i mpaofisrdeds vocalufodin miobilitymayresut frxtomna vocal fold have had varying success, again mostly in

varetyof isodes icluingcrcoayteoidjoit ixaion 3adiult. Tucker has described his success with laryngeal
neurologic injury resulting in vocal fold paralysis orpareSis, reinnervation.io
and intearysmmoid scarring. As has been recognized by Ineirtnid divison w~tb long-term stenting
other mathiors, distinguishing between these disorders is has been described for impaired vocal fold mobility from
sonseftimdifficulteveuatthetimeofdireclaryngoscopy.' posterior glottic stenosis. Goodwin et al. reported six adult
Distinction is important, however, as the best treatment patients, five of whom were tracheotomy dependent, treated
modality for each situation may differ. Bilateral vocal fold with posterior glottic scar excision through a midline
paralysis in the pediatric population, for example, is often thyrtomy and long-term scenting without grafts. Ali were
transient. Rosin etal. recently reported that 3 of 19 patients successfully decimulated with normal vocal fold mobility
(16%) requiring tracheotmy for bilateral vocal fold pa- in three and improved mobility in the others. Two patients
ralysishad spontaneousresolutioa allowing decannulation. retained normal voices and the remaining patients had
Six others were decannulated following ventriculopenitoeal iproved voices, as judged subjectively.'"
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There have also been reports of children with
abnormal vocal fold mobility secondary to interaryienoid TA" 1.

scarring and posIMM g10W o sMONo who have been . P , .......
tUea•ed with posterior ciwildoccmy and cartilage grafting. . •-. 61 .-... 1. 1

Zaozal reported 11 children treated for posterior laryngeal]t,. **C

stenosis by this method, five of whom had associated vocal _______

foldimpament. All five were decannulated and had return -- - •-• t- '
of normal vocal fold mobility. Voice was evaluated ___._....

subjectively only, with all voices being "husky or howse" o"o fold "mity b.1 t "'• tori -I .t..
I•-lysi.

and two of the five being worse than preoperatively.12 In ____ __

another paper, Zalzal et al. reported vocal quality results in • . .
16 children decannulaied following laryngeal reconstruc--' -X_.... ._._°
tion, including five patients treated with posterior t..ho., d,.tl ,•. 4. ".. 9dux~tlo 1ý e,•I ,ld ph y •.4 • f~tooý.. -t h.h

..tysco~."rycricoidotomyap'tcartilage grafting forabormnal vocal fold ......to .tio.
mobility associated with stenosis Voice evaluation con- ... t-'. - -I .... W ..
sisted of analysis of quality, pitch, volume, resonance, _.__ ,
speaking rate, intelligibility, and overall voice severity as ti- e a mG Yn° 13 day

judged by speech pathologists. Two of the five werejudged
with severe, one of the five with moderate, and two of te
five with mild overall voice disorder. Most had either myography was performed, clinically these children dem-
prominent brembines hoarseness, or low volume.'3 Cot- onstrated poor or no fold abduction They did show
ton reported 61 children who underwent posterior glottic adduction, indicating ability to close the glottis.
cartilage grafting for laryngotracheal stenosis. Forty-seven
of these children also had some degree of bilateral vocal Surgical Approac
fold impairment with 20% being fixed bilaterally. Tbesurgicalapproachtotheposteriorcricoidotomy
Preoperative and postoperative voice analysis was re- withcartilagegraftissimilartothatpreviouslydescribedby
stricted to subjective analysis by parents.14  Cotton and Zalzal'.i2" The posterior cricoidotomy is per-

This paper reviews the cases of three children with formed andcardied superiorly slightly into the interarytenoid
bilateral impaired vocal fold mobility from presumed neu- muscle. If there is interarytenoid scarring, the scar tissue is
rogenic etiology treated with an extended posterior cricoid divided but not excised. The uninvolved interarytenoid
splitand cartilage grafting. In these three patients there was muscle is left intact. Some mild arytenoid separation will
no evidence of posterior glottic stenosis or interarytenoid occur by dividing the posterior cricoid; greater separation
scarring as a cause of the vocal fold immobility. The goal occurs with division of the fibrous network immediately
was to accomplish arytenoid separation and a larger poste- superior to the cricoid. Further separation may be accom-
rior glottis, while maintaining laryngeal symmetry, mobile plished with progressive (inferior to superior) division of
arytenoids, and healthy membranous vocal folds. the interarytenoid muscle. However, we do not recommend

complete orextensive division of the inter-arytenoid muscle
Materials aWd Methods since adequate arytenoid separation occurs without it and
Sub~es the interarytenoid muscle is a likely key adductor whose

These patients, ranging in age from 23 months t function will ideally be preserved. Interarytenoid muscle
7 years underwent posterior cricoid split with costal cart- function is probably an important factor in preventing
lage grafting for bilateral vocal fold impaired mobility. A postoperative aspiration. Surgical injury to this muscle
summary of each patient is found in Table I. should be minimized. In cases of impaired mobility due to

interarytenoid scarring, muscle division may be required.
Prperaatlve Evaluation It is notnecessary to place partof the cartilage graft

Thorough history and physical examinations were into the interarytenoid area. This superior positioning of the
performed on all patients. Flexible laryngoscopy and, in graft may in fact impair arytenoid adduction, leading to
some instances, flexible bronchoscopy were used for dy- aspiration. Therefore, the cartilage is sutured to the cricoid
namic airway evaluation. Rigid laryngoscopy and without superior cartilage extension. We leave a
bronchoscopy under general anesthesia were performed perichondrial flap extending superiorly to cover the ex-
and videotaped. Patients were selected that had no symp- posed inferior portion of the interarytenoid muscle, al-
toms of aspiration preoperatively and who demonstrated though this may not be necessary.
adductory motion on laryngoscopy. Although no electro- A laryngeal stent is placed from above the level of

the stoma to a few millimeters above the false folds. The
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stemt we now use for this proceduwe is an endotracheal (El) seven point scale with one being normal and seven aploic.
tube which has beun halfway crimped horizontally with a Patient #1 was rated as normal and the others were given a
towel clamp and then autoclaved for 30-45 seconds so that rating of two because of mild breathiness. All patients had
the ET tube maintains the crimped shape. (Photos 1A-D; age appropriate mean fundamental frequency. Mean jitter
ee center -boudphotograplc plate). (Although this tech- was nomal in patients #N and #2 but increased in patiet d#3.

nique was tmght to us by Dr. Rodney Lusk in 1985, 1 have Patients #1 and #2 underwent additional aerodynamic and
heard thatothe have independently used this technique as voice analysis. The AC:DC aiflow ratio was normal in
well.) This creams a stent with a V shape anteriorly to fit both patients. Signal:moise ratio was normal in patient #2
in the anterior commissure and a rounded, broad shape and just slightly low in patient #C. DC airflow was within
posteriorly to fitin the posterr gottis. The stentabove and normal limits (using adult values) for patient #2 but prob-
below the crimp is round. We have switched to this crimped ably represents a high flow rate for children. DC flow was
stent for this particular procedure since we suspect that elevated for patient #M. This indicates a high flow rate
rounded stems have occasionally caused some membra- through the glottis during speech. Nevertheless, both
nous fold compression atrophy and abduction of the aryte- patients' ability toentrain the flow into vocal pulses (AC:DC
noids leading to some dysphonia and breathines though ratio) was adequate enough (ratio was 1.6 and 3.4) that they
this has not been confirmed by comparison studies. have no or minimal breathiness and normal intensity.
Properative and postoperative laryngeal configurations
show hat the posterior glottis is open, but the membranous D iM
folds remain more medialized (Photos 2A and B; see photo Bilateral vocal fold immobility has been adifficult
plate). The postoperative configuration is due to two problem to manage clinically. The gold standard of treat-
factm*s arytenouis in a wider resting separated state, and me mt at most instituions has been tachenrmy. Many
arytenoids which are still medially rotated in a resting or teclmiqueshavebeendesoribedincludinga idectomy,
semi-adducted position. The stent is secured with 2-0 vocal fold lateralization, partial cordectomy/cordotomy
prolene sutured through the cricoid and tied over the strap and laryngeal reinnervation to avoid tracheotomy or to
muscles subcutaneously and left for approximately two - allow decannuLation. The objective of treatment not only
four weeks, focuses on airway adequacy but also on the avoidance of

recorday is weaaspiration andon the preservation or improvement of voice.
Voice record s wIn the pediatric population, some patients are found who doVoice reodnswr aeo l he ains not have complete bilateral vocal fold paralysis, but rather

allowing evaluation of mean habitual fundamental fre- n othaveimp ila tionofbot vocal folids. These

quency, jitter, and overall quality. Patients #1 and #2 were vemnspra tion of but e nce s.gnies-

cooperative enough to allow limited aerodynamic evalua- cant aira tion.

tion and more detailed voice analysis including maximum Our clinical experience indicates that adduction

phonation time, DC airflow, mean habitual intensity, and generallyseems tobe a stronger component than abduction

intensity range. Patient #3 was too young to undergo ofthevocalfolds. In unilateral paralyssit is quiteommon

additional voice or aerodynamic evaluation. o h oa od.I nltrlprlssi sqiecmo
to see over- adduction by the opposite fold. When some

adduction is present preoperatively, separating the aryte-
Results noids (instead of arytenoidectomy) capitalizes on this ad-

Average follow up time was 23 months. All three ductor motion to provide glottic closure. This may explain
patients were successfully decannulated with time to in part why patients in this small series did not experience
decannulation ranging from 13 days to three months post- aspiration postoperatively.
operatively. Decannulation was delayed beyond the imme- Posterior cricoidotomy with cartilage grafting and
diate stent removal period in one patient (#2) because of stenting for treatment of posterior glottic and subglottic
postoperative granulation tissue. This patient also had stenosis has had good success.-.'4 Posterior cricoidotomy
persistent preoperative supraglottic collapse and arytenoid with cartilage grafting has been iiadicated for posterior
prolapse from laryngomalacia, which further delayed her glottic and/or sub-glottic stenosis and total glottic or
decannulation. All patients continued to have abnormal subglottic obstruction.'2 We propose expansion of these
vocal fold mobility postoperatively. All patients are able to indications to include selected patients with bilateral im-
participate in normal play activity with adequate airway paired vocal fold mobility secondary to abductor paralysis
function according to their parents. Audible breathing is or paresis with some residual adductory motion.
still present in the patient with laryngomalacia. No patient Selection criteria for this procedure would include
has had difficulty with aspiration. some residual adduction of the vocal folds, presence of

Voice results are listed in Table 1. Perceptual laryngeal sensation and intact swallowing function as aspi-
voice quality was judged by our speech pathologist on a
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ration cm be a serious complication if careful selection of 5. Choi SS, Cotton RT. Arytenoidectmy in children.
padeuts is wm done. Certainly, if there is evidence of Prsented at the American Broacho-Esoplagological As-
apradon preoperatively, any arytenoid separation would sociation Meeting. Palm Beach, FL 1990.
not be indicaed. We ar encouraged by the airway and 6. Cohen SR. Arytenoidectomy inChildrem. Larayoscope.
voice remilts obained by using this procedure. Our subject 1993;83:1293-1299.
numbers are few and the results awe considered preliminary. 7. Dennis DP, Kashima H. Carbon dioxide laser posterior
No compainson with other methods was performed. AM- cordectomy for treatment of bilateral vocal cord paralysis.
though this procedure is not recommended for all patients Ann Owol Rhinol LaryngoL 1989;98:930-934.
who have bilawral vocal fold paralysis or cricoaryenoid 8. Getrud A, EjnelU H, Stenborg R, Bake B. Long-rten
joint fixation we feel that it does offer advantages to those results with a simple surgical treatment of bilateral vocal
who have residual adductor vocal fold motion. This cord paralysis. Laryngoscope. 1990;,100;1005-1008.
procedure is not felt to be more advantageous compared to 9. Amedee RG, Man WJ. A functional approach to lateral
standard arytmoideclomy or lateralization procedures in fixation in bilateral abductor cord paralysis. Otolaryngol
patients with no vocal fold mobility. Head Neck Surg. 1989;100.542-545.

10. Tucker HM. Long-term results of nerve-muscle pedicle
reinnervation for laryngeal paralysis. Ann Otol Riinol

T"l 2. LaryngoL 1989;98:674-6.
Jun of AryeoWSepwai 11. Goodwin WI, Isaacson G, Kirchner IC, Sasaki CT.

Comp to • AVocal cord mobilization by posterior laryngoplasty.

dantuagi Laryngoxope. 1988;98:846-848.
- Preserves any residual vocal fold m 12. Zalzal GH. Rib cartilage grafts for the treatment of
- No •e•branous vocal fold scarring posterior glottic and subglottic stenosis in children. Am
- Treats concurrent interarytenoid scar or posterior Otol Rhinol Laz•goL 1988;97:506-511.

-e•lottic ,ta.... 13. Zalzal GH, Loomis SR, Derkay CS, Murray SL,
-Laryngeal symmetr mai Thomsen J. Vocal quality of decannulated children follow-
- Preserves vocal structures for future rehabilitation ing laryngealreconstuction.Laryngoscope. 1991;101:425-

developments, i.e. laryngeal pacinq or reinnervation 429.
14. Cotton RT. The problem of pediatric laryngotracbeal

- lracheotomy required stenosis: A clinical and experimental study on the efficacy
- Open procedure - longer operating time, possibility of of autogenous cartilaginous grafts placed between the

anterior co,. issure misalignmesnt vertically divided halves of the posterior lamina of the
- Laryngeal stentng requrd cricoid cartilage. Laryngoscope. 1991:101:12;pt 2;suppl
- Donor sits morbidity 56;1-34.
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Examination of the Laryngeal Adduction Measure EGGW
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The Reording and Research Center, The Denver Center for the Perfoming Arts
kme Rokw, M.D.
Department of Radiology, Mercy Hospital, Pittsburgh

Iitroduction will show that EGGW appears to be a significant measure

Adduction of the larynx at the level of the vocal of adduction, atleast for the limited numberof subjects and

folds and arytenoid cartilages is a primary peripheral and phonatory conditions reported in this study.

mechanical control variable in phonation. Laryngeal quali-
ties from breathy to constricted phonation are dependent on Defmitio of the Measure EGGW
glottal adduction (e.g., Scherer, Gould, Titze, Meyers and Figure I illustrates an electroglottographic wave-
Sataloff, 1988b). A noninvasive measure of laryngeal form during normal phonation and the definition of the
adduction is therefore of importance and interest for both simple measure EGGW (the W stands for width). At the
theoretical and applied purposes. 25% level (Orlikoff, 1991; cf. Rothenberg & Mahshie,

The electroglottograph is a noninvasive instru- 1988, who used 35%, and Higgins & Saxman, 1993, who
mentthatprovidesasignalrelatedtoglottalkinematics (ref. used 40%), the distance A on Fig. 1 corresponds to an
Baken, 1987 and 1992, Colton & Conture, 1990, and approximate time of glottal closure, and distance B to an
Orlikoff, 1991, for a relatively thorough review of prin- approximate time of glottal opening. The ratioofA toA+B
ciples, history, pitfalls, and relationships to laryngeal func- isan estimate of the portion of the cycle the glottis is closed.
tion). Values of the electroglottograph (EGG) waveform EGGW is equal to A divided by A+B, and could be called
function correspond strongly to the amount of contact area a glottal closed quotient. EGGW is obtained for each cycle
between the two vocal folds, but not in ways completely
understood or straightforward (Childers & Krishnamurthy, 100%_ Closed
1985; Childers, Alsaka, Hicks & Moore, 1987; Anastaplo
& Karuell, 1988; Scherer, Druker & Titze, 1988a; Childers,
Hicks, Moore, Eskenazi & Lalwani, 1990; Titze, 1990).
The shape of the EGG waveform may be related to specific
configurations and motions of the vocal folds relevant to A B
normal, abnormal, and trained voices (e.g., Fourcin, 1974; 25% Open
Titze, 1984, 1989; Dejonckere & Lebacq, 1985; Childers,
Alsaka, Hicks & Moore, 1986; Baken, 1987; Scherer & Tim m e
Titze, 1987; Gerratt, Hanson & Berke, 1987; Painter, 1988;
Motta, Cesari, lengo & Motta, 1990; Brown & Scherer, EGGW = A/(A+ B)
1992).

This study examines a simple measure of the Fiure 1. Definito of Ae EGGW mwure tke at the 25% height

waveform of the electroglottograph, called the EGGW locan- - Me eiectr oglotognra, wamform 77m upper portion of the

measure, to determine its relationship to other measures of wavfnn corrempondi tomawmum glotta closure (ormnxirmum glottal
adduction, including a direct measure of the gap between contact areaX and the lowest po man of the waveform to mznuhhu glottal
the vocal processes of the arytenoid cartilages. The results penusg (or aminbum glotal contact area).
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of phona• r we type ofelectroglottograpi used turough- Relationship Between EGGW and Qa
out this study was the Research Laryngograph produced by Seven normal adult community actors (4 males
Dale Teaney (1987). and 3 females, age range of 23-35 years, and no reported

history of nontransient vocal problems), were asked to
Com MriM easures produce three prolonged /a/ vowels in a steady manner at

Tilze (1984) suggested the Abduction Quotient, comfortable pitch and loudness levels (and equal effort
Qa, aratio of the width of the glottis essentially between the levels) for each of the vocal qualities breathy, normal and
vocal processes to twice the amplitude of motion of a vocal pressed (or constricted). The middle ofeach EGG recording
fold. Qa is one of a number of measures given by Titze was digitized for one second by a 16 (effective 15) bit
(1984) obtained from a theoretical approach to the mechan- analog to digital system (Digital Sound Corporation 200
ics of motion of the vocal folds. The Qa measure was Audio Data Conversion System) at 20,000 samples per
obtained from the software analysis and synthesis program second, and stored in a VAX 11t750 computer. Analyses
GLIMPES. Qa tends to decrease as vocal quality changes were performed on three consecutive cycles near the

from breathy to normal to pressed (Scherer et al., 1988b). 7 Actors
Values of Qa above approximately 0.5 are associated with 1
hyodu andbelow-1.Owithhypweaductn(Schaerr N147
et al., 1988b).

The derivative of the EGG signal may give promi- X
nent positive and negative peaks that can be used to
approximate the glottal open quotient (e.g., Childers et al., X I

1990). As Figure 2 helps to illustrate, the positive and 0 o5 ,
0X

negative peaks of the EGG derivative refer to locations near "
glottal closure and opening, respectively, during which the
EGG signal changes (increases and decreases, respectively)

the fastest. The distance B of Figure 2 divided by A+B is EGGW - -0.0274 Oc7 + 0.0217 002 0.0922 CO + 0.457

a quotient. designated Qodegg, and is an approximation to Hyperodd Hypoadd

the glottal open quotient. 102

If the glottis is viewed with stroboscopy and -2 -1 0 1

recorded onto video tape, the glottal open quotient can be Abd Quotient (Qo)

estimated by noting the number of frames the glottis
appears to be partly to most fully open to the total number BB and RS
of frames for the entire glottal phonatory cycle, giving
Qostrb. BB

DEGG
I ,C

"I I 0
I I

HyperoddI IHypoadd

0 1 * I I .. I . .I
-2 - 0 12

Abd Quotient (Qa)

EGG
Figure 3 (topg Relationship between the abduction quotient (Tite, 1984)
ad the EGGWmaure taken at the 25% height ofthe EGG wavefonn for

__ _ __ _ __ _ __ _ 7 communityactors with nomal voices. Thesubjectsprolonged the vowel
Time > /a/overa wide range of intendai voice qualities from very breathy to very

pressed or constricted. The vertical dashed lne mark eipected regions

Figure 2. Definition of the glonal open quotient obtained by using the of hyperadduction and hypoadduction detenmined from Scherer et at.,
differothated EGG wavneforn. Te4 upper trace ia thedliereniation of the 1988b. Figure 4 (bottom). Relationship between the abduction quotient
lower EGG wavefomr. Markers on the upper trace are taken at the and the EGGW measure for two normal male subjects, BB and RS, as a
mnuram and minimum values of the diCerentiated EGG wavefonr. replication of the study shown in Fig. 3.
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beginning. middle and end of each utterance. About 25% of Subject: BB
the (Qa only) data were discarded due to the inability of , • ,
GLIMPES to successfully run (Scherer et al., 1988b; also 0.6 Scope Data -
ref. rer & Titze, 1987). r 0.926

Figure 3 shows the datacmparing EGGW and Qa /
fit to a cubic equation with an R2 of 0.877. This suggests a
reasunably strongrelationshipbetween these two variables. x x
On a retest using a professional tenr (BB) and a non-
professional basbaritone MRS), again using comfortable /
pitch for sustained /a/ but over a wide range of adduction C 0.4/
intentions, therelationship showninFigure3 wassupported X /
as shown in Figure 4 (average difference of 11.9%, sd = - /
18.6%, between the data and the cubic fit of Figure 3). /

The vertical dashed lines on Fig. 3 and Fig. 4 //
prejwsntapproximate madkes forperceivedhyperadduction/

andhypoadduction(Schereretal., 1988b). The correspond-
ing range between these conditions (the "normal" range) x D
involves values of EGGW between 0.4 and 0.6. This would 0.2 ashed Line 1:1

I I J

suggest that for normal larynxes, values of EGGW below 0.2 0.4 0.6
0.4may correspond to the perceptual label ofhypoadduction
and above 0.6 to hyperadduction. EGGW

Relationship Among EGGW25, EGGW50, EGGW75 po.s.o.-eby •,,• f - "wor,. -.,O•e,•,-
and Qa Of"ut 88.

Tew as EGGW discussed above (and hrgh-
out this report) was taken at the 25% amplitude location Relationship Between EGGW and Qostrb
from the baseline of the EGG waveform. The measure canA R on s tween EGGW an Qedt hb
be taken at any reasonable height location, however. Using A Wolf stroboscopic system was used with subject
the data associated with Figure 3, Table 1 shows the BBtodeterminetho openquotientofthelaiynxbyconnting
correlations among EGGW taken at the 25, 50 and 75% the number of frames during which the glottis was partly to
height levels, and Qa. The correlations are reasonably high fully open, and the number of frames for the entire cycle.
(minimum = 0.711). EGGW at the 50% level may be th EGG was recorded simultaneously. A comfortable pitch
measure of choice when there appears to be too much noise and loudness was used. Figure 5 shows the data for corre-

or waveform distortion on the lower portions (open glottis sponding Qostrob and EGGW measures (the quantity 1-

region) of the EGG waveform. A reasonable correspon- Qostrb, the equivalent to a closed quotient, is used in the

dence between the EGGW50 and EGGW25 values is y = figure). The figure suggests that, for a wide range of

1.067x + 0.081, where x is the EGGW50 value and yis the adduction, video frame counting and the EGGW measure
associated predicted EGGW25 value. The highest correla- not only are strongly related (r=0.93), but the values of 1-

tion is between the measures EGGW50 and EGGW75, Qostrb and EGGW at the 25% level give nearly the same

suggesting that these measures are essentially redundant value if the corresponding linear fit line is considered. The

The table also indicates that EGGW25 is the most highly relation between EGGW and 1-Qostrb is given by I -Qostrb

correlated measure with Qa(r=-0.912) ofthe three EGGW - 0.999EGGW + 0.015 in Fig. 5.

measures.

Relationship Between EGGW and Qodegg
Tabkl . EGGW obtained from the non-differentiated EGG

Pearson product moment correlation values for EGGW signal, and the open quotient from the differentiated EGG
and Qa measures. N for Qa correlations is 147. and 189 signal, were obtained for both subjects BB and RS. The

for the OtherU coflaions. results are shown in Figure 6. The figure indicates that the
EGGW measure yielded values larger than did 1-Qodegg,

EGGWSO EGGW75 Qa but with a strong relationship (r=0.982 for the two subjects
combined). There appears to be a greater difference be-

EGGW25 0.820 0.711 0.912 tween values for EGGW and Qodegg as adduction in-
EGGW50 0.966 v o Wo sn
EGWv5 -0.715 creases. EGGW is related to 1-Qodegg in Fig. 6 by the linear

equation l-Qodegg = 0.902EGGW - 0.0139.
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Dashed Line 1:1
/ ,Relationhip Between EGGW and GIottal Distance

0.5 Measures
EGGW The layx ofsubjectRS wasviewedusing aWolf

rigid laryngoscopic system and recorded onto video tape
Figure 6. Rdaiaonshp betwen te EGGW O auw re aid e gkvao open during a wide range of adduction conditions while produc-
qWutiaoWzMhsdfrauted ited EGGwvofora foraubca 8 ing an open hypopharynx vowel at comfortable pitch and

loudness. Under visual observation and video recording, a
length of cleaned soldering wire with a turned tip was

EGGpassed through the vocal wracairway. The end was placed
on top of the left cuneiform cartilage. This permitted the
estimation of the superior oblique width of the left cunei-
form cartilage (LAW as shown in Fig. 8). and thus also an
approximation of the width of the gap between the vocal
processes (VPG). The vocal process gap and the width of the
oblique diameter of the left cuneiform cartilage were

.d measured directly on the video monitor. Measurements
"D G were made by two people, and the calculated maximum

error expected for measurements of the vocal process gap
in cm was +1- 13.4%. This error was calculated using
measurement variabilities for the VPG monitor measure-
ment, the LAW monitor measurement, the estimate of the
actual LAW measure determined from the width of the tip
of the soldering iron (including the variability for the solder
width measurement), and the height discrepancy between

Figure 7. RPwmush bewaweO eonti•• a for EGGW on tie EG the level of the mmue vocal folds and the top ofthe cuneiform
wavefoms n.•idhe mitigaforthe closequaomm ondw tdet rve ofthe cartilage (assumed to be 1 cm). Figure 8 is a tracing and
EGGo wavo. The 7wis w the £0EGGdevave (gw•mgdutaoied]) schematic of the glottal measures for subjects RS and BB,
are closr ogether tam are thawe for the 25% cut for EGGW (giving
disaa•.ud2) showing th reasonfor theargerEGGWmeama ofqfloiaI respectively.
cloe quodlim in Fig. 6. Figure 9 shows the relationship between EGGW

and the vocal process gap VPG for subject RS. The figure
strongly suggests a reduction in the space between the vocal

Figure 7 helps to explain the discrepancy between processes (greater adduction) as EGOW increases. The
EGGW and Qodegg. The peaks of the derivative of the data suggest that the vocal processes touch when EGGW is
EGGwaveformtendtofallinanarowerrange(dl)than the between 0.60 and 0.65. For the nonlinear relationship
25% height markings (d2) for the EGGW measure. As showninFigure9,VPG(cm)= 1.205EGGW2- .571EGGW
adduction decreases, the discrepancy may decrease, as + 0.511, for 0.2 EGGW 0.65. The data suggest, for
suggested by Fig. 6. example, that for a vocal process gap of 0.1 cm, EGGW
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Figure 9(Wer left). Relatiomip betweme trevocalprocesgp VPG andE GGWfor subject RS. Figure 10 (pper rigt aauh between VPGC1
RAWamdEGGWforsubject BA. Figure 11 (Lower left) Relattimoip betwm the enuytnW g lAG and EGGWfor ubject RS. Figure 12 (lower
iht). Reiubouhp baet the fabe wxdfold gW FVFG and EGGWforsabjt RS.

equals approximately 0.36 for this subject. It is also noted Figure 10 illustrates that the relationship between
that a value ofEGGW = 0.6, the value near which the vocal EGGW and VPG/RAW for subject BB appears linear.
processes touch, corresponds to the perceptual boundary of Again the data suggest that the vocal processes touch when
hyperadduction as discussed above for Fig. 3. the EGGW value is between 0.60 and 0.65 (the best fit line

A similar experiment was performed with subject suggests 0.64, whereas there is one data point near VPG=0
BB, although without absolute measures of the vocal at approximately 0575).
process gap. The larynx of subjectBB was video taped with After the vocal processes touch, greater adductory
the Wolf system and laryngeal images seen on the video forces canapproximate the arytenoid cartilages further. For
monitor were copied to a Tektronix 4632 hard copy uniL subject RS, the medial boundaries of the arytenoids
The VPG measure was made at the visually consistent (cartilagenous glottis) were viewable. The interarytenoidal
region where the viewed right cuneiform border intersected gap (IAG, ref. Fig. 8) was approximated by measuring the
the vocal process border (ref. Fig. 8). The value of the VPG video monitordistance between the bilateral supero-medial
was normalized by the oblique diameter of the right cunei- arytenoid cartilage eminences, and normalized by the left
form cartilage (VPG/RAW). Actual gap values were not oblique cuneiform diameter. Figure 11 shows the IAG
obtained, measure (maximum measurementerror of+- 11.2%) versus

NCVS Stiusu Pmgms RW o*,77



Subject: BB Subject: BB
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FIgw 13. hdW.inhWm I FWRAuWmdEGGWforwb&jatB. Fi 15. R&.%NIu* b•w• POAzLI W ei• EGOGWfor subjec
BB.

Subject: RS
1.5 I ,

o oindividual differences of the stucture of the arytenoid
cartages and adductory fuction aouss individuals.

0 oData shown in Fig. 11 (and Fig. 6) suggest that the
-, total range of expected EGGW values may be 0.15 to 0.80.E00
U Alsoexamined were the distance changes between

0 the ventricular folds (FVFG, the false vocal fold gap) and
o the aerior-posteior distance of the viewable cartilagi-
0. 0.5 nor glottis (POGL the postmor glottal length) as defined

inFig. 8.Figure 12 shows the daa for FVFG verY u EGGW
for subject IRS (the estimated maximum error for the FVFG
measures for RS was +-11.1%). Although there is some

0 , , scatter of data, there was apparently little change in the
0.2 0.4 0.6 0.8 d b-wen the medial edges of the ventricular folds

EGGW until the EGGW values of adduction reached approxi-

FiRm 14. Redak up Aelororirldl kao POGL wma mately 0.65, consistent with the LAG measure, beyond
EGGWfor =bJaw N. which there was a sharp change in the measure correspond-

ing to the inferred hyperadduction. Figure 13 shows the
the EGGW measure for a wide range of adduction. This corresponding measure FVPG/RAW for subject BB. Here
figure strongly suggests a change in the relationship near a the data suggest that the distance between the false vocal
value of EGOW equal to 0.65, the approximate value folds begins to decrease at a value of EGGW of approxi-
corresponding to a vocal process gap of zero. With greater mately 0.41, a smailer number than for subject RS. A
adduction, lAG decreases rapidly as EGGW increases decreaseintheFVFGmeasuremaysuggestgreatercontrac-
slowly. Near the lowest valuesofIAG, thescatterofEGGW dion of the superior portions of the thyroarytenoid muscle
is relatively high. The data suggest that values of EGGW lateral to the ventricular folds.
greater than 0.65 correspond to forceful adduction of the Data for the posterior glottal length POGL (ref.
arytenoldcarilages. SmallerIAGvaluesandlargerEGGW Fig. 8) for subject RS is given in Figure 14 (estimated
values greater than 0.65 suggest effective compression at maximum error for POGL data was +- 10.8%). POGL
the vocal processes and "closer" vocal folds. The scatter of values linearly decreased as adduction (EGGW) increased
EGOW data corresponding to values of TAG below about until (once again) about the 0.65 value, beyond which the
0.3 cm suggests adjustments of the thyroarytenoid muscles, values dropped sharply. The distance decreased as a result
interarytenoid muscles, and perhaps subglottal pressure of the bunching of the soft tissue on the posterior wall and
resulting in a variety of widths of the closed glottis portion greater posterior touch of the medial arytenoid surfaces at
of theEGG waveform. Itisnoted thatthe reported distances and posterior to the vocal processes. The POGLJRAW
for the LAG measure may be unique to subject RS due to values versus EGGW for subject BB, Figure 15, show a
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simila trend as for RS, that is, a relatively linear relation- when GLIMPES gave a value of QaPO. For subject RS, the
ship of decrease of the posterior glottal length with increas- vocal process gap was approximately 0.04 to 0.06 cm when
ing adduction over the same range of EGGW values. Qauo.

Readouhip to Theoea Addactim Measures Diumsion aWd Codusim
Under the useful asuawpdon that vocal fold issue A reliable and straightforward measure of glottal

moves in a sinusodal manner or that glottal area can be adduction is required for the clinical and training need of
modelled by a truncaled sinusoid, both Titze (1988) and evaluatigm desabgsiagequawepemxatysoomdwithin
Rothenberg and Mahshie (1988) describe the abduction a wide variety ocommufaction requirements, and for the
quotient Qa and abduction measure D, respectively, with detenmination of the most efficient glottal configuration
respect toadiagram similar toFigure 16. Tissue movement from an acoustic and phydoloia basis (e.g., Titze, 1988;
or glottal area is represented by the sinusoidal waveform, also ref. Scherer. 1991). This study examined the simple
tissue contact by the baseline value zero, the distance of the glottal adductiom measure, EGGW. It is derived from the
vocalprocessofonearytenoid from the midlie byW/2,and electroglotiogruplic waveform by taking a ratio of dis-
the amplitude of motion of the vocal fold by A. tm (or times) obtaned by a intersectiom line through

Relative to Fig. 16, Titze's abduction quotient is the signal waveform at the 25% height location.
given by Qa - WI(2A) = -cos(xQo), where Qo = Todr, To EGGW was shown to be strongly !lated (via a
isthetimetheglots isopen,andTistheperiodofthcycle. cubic equation) to Titze's (1984) abduction quotient Qa
Rearranging this statement yields I - Qo = I - (Ilx)cos-'(- (which had been related to visumljudgmemtsofadduction in
Qa) [Equation 1]. Figure 17 shows this nonlinear relation- Schereretal., 1988b). EGGW also was shown to be strongly
shipbetween Qaand 1-Qo. Rothenberg and Mahshie(1988) related to (and nearly equal to) measures of the glottal
define their abduction measure D = (1/2)(1 - cos(xQo)) closed quotient (that is, one minus the value of the glottal
which also equals (I/2Xl+Qa). Using the first expression open quotient, I-Qo) using frame counting from strobo-
for D with appropriate substitution of Qa leads to Equation scopic views, although data were not extensive. Values of
1. A more direct comparison of D and Qa is I-D=(1/2) (1- EGGW were greater than 1-Qo obtained by the EGG
Qa), which is also graphed in Fig. 17. It is shown that derivative method, but in a consistent manner. Since the
abduction quotient Qa values obtained by applying EGG derivative method is troublesome for EGG wave-
GLIMPES (Titze, 1984) to EGG recordings from humn•s forms without clear derivative peaks, EGGW may be a
(ref. Fig. 3) range beyond the theoretically expected; thew- more reliable method.
retical values of Qa range from -1 to +1, whereas human Themostsignificantresultof this study maybe the
data values are permitted to range from about -1.5 to +1.5 relationship between EGGW and the actual distance be-
as shown in Fig. 3 [later application of Qa by Titze (1990)
show wider ranges of Qa than in the 1984 paper]. The form
of the theoretical and actual data curves is not dissimilar in 1
shape, however.

An abduction quotient of Qa=0 would imply that
the vocal processes just touch. Figures 18a and 18b (see - -
next pagp) for the data for subjects RS and BB, respec- - EGGW I
tively, suggest that the vocal processes were still separated 6

I 0.5 i

Vocal Fold -

1-Q

Hyperadd' 'My dd

-2 0 2

Abd Quotient (Qo)

t=O To/2 Figure 17. Radoush between humanu subjet data and ereucaUy

Figure 16. SiwuW mpresaimiau of vcal fold mcwmenL A i, IA derived fJuwimCsL 7te fuwctia between the abduction quatiw Qa and
*anpliu aefnsi of v me food Te dotmed zero Line represew *e EGGWimWnyiricld(Fig. 3 ). The rcu re1aog --Qo(oembwstheopen
me" glotal clsmur hcatdm. W12 srprwam&ha lif of teprepqhmatory quonew) and I-D (one mw the abductio measure) witv Qa are
glot wid h•Ath voca procwau To it th the te g lotis as a T7e teorftcay denvedfrmc Tu•e (a988)and Roothberg & Mahie (19a98),
fgure k q7er me (1988) and Roteberg & Mahse (1988). reweely.
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Subject: RS because~ it may relate to the degree of hyperaddliction (as
suggested here), dynamic stability of arylenod moveent

0 and inOMaYtetkOid presure (Scherer. Cooper, Alipour-
Haghighi & Titze, 1985), and acroacoustic influence an the

0 glottal volume velociy signal affecting vocal tract excita-
tion (Cranes & Schrocter, 1992). The length of the open

E ~pOsteior glottis is not easily seen i many people because
U 0.1 ~~~ofthe"ovahmgfotthecunjmmdacuaiaac~biLag
0 Thei distance between the ventricular folds may be a tld-

evautmeasureespecially whenit begins odecrasedunig
Co 01011a80014 suggesting the inclusion of additional mucke

0 a za cMIn addition, this study suggests that the range of
I ~values frthe EGOW measure for norma phonation (mei

-2 0 2 therhypoadductednorhyperadducted isbetweenabout0.4
QG and 0-6- Althbugb this conclusion may be drawn from this

study fOrnwm~al speakers it may not hold (for example) for
classically trained male operati voices during singing

Subject: 68 where full glottal closure might be the normal expectation
0.15-........................(e.g, Scherer & "thze, 1987; also cf.Howard, Linsy &

x Allen, 1990) and phonation would not be labelled as
hyperadduction with the connotation of abnoomal fzucmcon

xThe primary caution f thissdy istatEGOW is
0.1 expected to be a function of vocal fold length (decreasing

with greate length as the vertical glottal depth decreases),
0 subglottal air pressure (increasing with greater jxessure as
CL ,
> 0.05 larger collision force and greater contact are are ex-

pected; Orlikoff, 199 1, demonstrated a significant ices
in the EGOW measure with intensity increase; also ref.

X b Kempster, Preston, mack & Larson 1987, and Dromey,
0 xStathoouos & SaPienza, 1992), any vocal fold abnormal-

ity (e.g., increasing with edeina. decreasing with bowing:
-'0 12 ref. e.g., Kitzing, 1990, application to neurological disease

00 problems should be feasible, e.g., Countryman & Ramig,
FRprn 18a (0p). Reldw*i I -0 d d VPG and a for asbjict Fj b 1993; Ramig, Scherer, Winholtz, Benjamin. Lane & Coun-
(boft rhkvw*#Ah* --t VPGIRAWadav~for abj#&BB8. tryman, 1992), laryn height (if a lowered larynx tends to

lengthen the vertical glottis dimension), and vocal tract
tween the VOCal Processes of the arytenoid cartilages. The distortions (in the sense that simultaneous titing of the head
results suggested that EGOW monotonically increased as orprotrusion of the mandibleas was performed inthis study
the vocal process gapdecreased, at leastfor the comfortable with subjects BB and RS for laryngeal visualization, may
pitch and loudness instruction used for the two normal place the glottis in an atypical posture). The relationship
suibjects satuied. EGGW reached a value between approxi- among EGGW, independent variables of phonation (vocal
naely 0.60 uad0.65 when the vocal processes justtouched. fold length, subglottal pressure, and arytenoid adduction),
EGOW tended tD increase as adduction was increased after oscillatorydependencies on normal bioniechanical changes
the vocal processes touched, suggesting additional comn- of the vocal fold (e.g., degree of contra~ton of the vocalis
pression of the vocal processes of the arytenoid cartilages. muscle), and vocal fold abnormalities, needs to be mapped
This study suggests that EGOW eventually may be useful OUL This study was performed at comfortable pitch and
in inferring actual glottal adduction distances in subjects or loudness levels only. It is expected that EGGW should be
patients. useful as a glottal adduction measure for comfortable

Other measures of tissue apoxm ain such as ranges of pitch and loudness for a subject over time.
the intemarytenoid Map the distance between the ventricular Comparison of EGGW values across subjects should be
folds, and the length of the open posterior glottis also made carefuilly. Obtanig valid EGG recordings is an
appear to be viable measures of glottal adduction. The obvious prerequisite (e.g., Colton &Conture, 1990, Houben,
degree of closure of the posterior glottis is important Buekers & Kingma, 1992).
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Speech Therapy for Patients with Parkinson's Disease

Lmn. 01ra RabWg PhDD, CCC-SP
Deputmeat of Comawicatiou Disorde and Speech Sciece, ITe University of Colorado-Boulder
and
'le Rewrding and Resenh Center, Ile Denver Center for the Perfoming Aft

hintrodction tongue, lip and jaw movement due to rigidity has been

At least 75% of patients with Parkinson's disease associated with imprecise articulation (6).

have disordered speech and voice, with every Parkinson's While previous approaches to speech treatment

diseasepatientdevelopingspeechandvoicedisordersasthe for patients with Parinson's disease have had limited

disease progresses (1, 2). Reduced vocal loudness may be effectiveness (7, 8, 9), this chapter will present a new

one of the first signs of Parkinson's disease (3) and is a method of intensive voice treatment with well-documented

classicspeechsymptomtogetherwithmonotone, imprecise short and long-term efficacy (10, 11, 12). The rationale,
articulation, hoarse and breathy voice, vocal tremor and experimental documentation of efficacy, key treatment

short rushes of speech (3,4). These characteristics have elements and considerations for implementation of this

been associated with rigidity, hypokinesiaand tremor in the approach will be discussed.
muscles of the speech mechanism (Figure 1). For example,
reduced loudness has been related to rigidity in laryngeal
musculature and bowed vocal folds (5). Decreased range of Traditional Approaches to Speech Therapy for

Patients with Parkimon's Disease
The typical patient with Parkinson's disease who

seeks or is referred for speech therapy has a moderate to
severe speech disorder and complains of reduced speech
intelligibility. He and his family express frustration at not
being able to communicate effectively and frequently
report that the patient withdraws from converatios and

4 " I MUSCLES & STRUCTURI S many social situations because people cannot understand6 OF RESPIRATION him.

(D 2 LARYNX The traditional speech treatment approach for
3 SOFT PALATE patients with Parkinson's disease has involved therapy
4 TONGUE BLADE which is delivered once or twice a week in an outpatient
S. TONGUE TIP clinic. Typically the focus of treament has been on
6. LIPS improvement of articulatory precisnn, reduction of rate,
7. MANDIBLE and enhancement of intonation (13, 14). Patients, their

families and speech clinicians will report some degree of
(D speech improvement during the course of therapy, but

carryover or maintenance of the treatment-related changes
once therapy is discontinued is generally disappointing.
Consequently the ability to communicate deteriorates in
many Parkinson's Diseasepatients as theirdiseas progresses

Figure 1. Fuwiaimu cawpoewi of awpe apzg mtuun hoWE, (15, 16). This communication impairment limit% the
arms w*ere the airtewu my be %,,he Adatfram NaWeM Parkinson's disease patients' full participation in seiety.
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bIue=e Voice Tr'eahdg for Par j'$ Dow ryngealpathophysiology associa with the voice disorder

In 1987, Ramig and Mead developed a treatment (19). This approach is summarized in Table 1. For

program for patients with Parkinson's disease which fo- example, the breathy, weak voices of patients with
cused amn xgjwJw rather than speech therapy. Their PakiDson's disease have been associated with glottal in-
approach was shaped by a number of factors: the high competence(e.g., bowed vocal folds (5), anteriorvocal fold

incidence of disordered voice in Parkinson's disease (e.g., gaps). A primary therapy goal is to increase loudness and
Logemana (16) reported 89% of 200 Parkinson's disease decrease ereathiness by increasing vocal fold adductiom.

padentshaddisordered voice), theappmentroleofreduced The monotonous voices of Parkinson's disease patients
loouness in reducing paients' communication intelligibil- have been associated with rigidity in the cricothyroid

ity. and reports that intensive speech therapy focusing on muscles. A second goal of therapy is to improve intonation

phonation has been of value to patients with Parkinson's by increasing cricothyroid muscle activity. The hoarse

disease (17, 18). Ramig and Mead designed a treatment voices of Parkinson's diseas patients have been associated
program to improve perceptual cha ~teistics of voice and with vocal fold vibratory instability. A third goal of therapypriogram tomimprovenpcetual chtaraeritics ofe voice land is to improve voice quality by increasing stability of vocalfunctional communication by targeting the underlying la- fodvbaon

fold vibration.

Table 1.
Fammewogk amd rationale for iaitiel pnoupm of speech therapy adminmiered to forty puma with idiopedath

Perkija's dismeas; treeawt philosophy is inemusive therapy with a focus om W d pboatory
effort sad imuawdiaw caryover ioto fuactiomal commuaicatiou.

Perceptual Hypothesized laryngeal Therapy goals Acoustic, Perceptual
characteristics and/or respiratory and tasks physiologic variables
of speech pathophysiology variables measured

measured

"Reduced loudness, Bowed vocal folds 1) increase vocal Maximum duration l
breathy, weak voice" (Hansen at al., 1984), fold adduction or sustained intelligibilitv
(Logemann, et al., rigidity, hypokinesia - isometric vowel phonation
1978; Aronson, 1985) in laryngeal and/or (pushing, lift- (sec)

respiratory muscles; ing) with phon-
reduced adduction ; ation
reduced inspiratory,
expiratory volumes increase maximum
(Critchley, 1981); duration vowel

phonation at
increased intensity

-think "shout"
-speak over back-
ground noise

2) increase respir- vital
atory support capacity (L;%)
-posture
-deep breath before
speak

-frequent breaths
-phrasing of words

in sentences

"Reduced pitch Rigidity 1) ;ncrease maximum maximum range
variability cricothyroid fundamental fre- of fundamental
monopitch" muscle quency range freauency (ST)
(Logemann, et al., (Aronson, 1985) -high and low
1978; Aronson, pitch scales
1985)

-Sustain phon-
ation at
highest and
lowest pitches

variability of monotone
fundamenintelliibility
freauencv in
connected
speach (STSD)

NCW SM"w Kid ProMgMS RO• 84



The specific tasks used in treatment were designed being made of nb cage and abdomen kinematics, vocal fold
to address these goals through enhanced phonaory effort. closure, intensity, subglottal air pressue ad glottal air flow
This treatment program has come to be known as The Lee as well as speech intelligibility before and after intensive
Silveun VoiceTteammentforParkinson'sDisease (LSVT), voice treatment. This approach to the documentation of
named for the Center in which it was developed in Scousdale, efficacy is summarized in Figure 2. Findings todate support
Arizona. statistically significant post-treatment increases in vocal

fold adduction (quantified from videolaryngostroboscopy)

o0 Yoke TmiatldEfiae y (22) and sound pressure level (quantified from the acoustic

Given the limited efficacy of previous methods of signal) and suggest that increased vocal fold adduction is a

speech therapy for Pakinson's Disease patients, an essen- key element in treatnt success.

tial component in the development of The Lee Silverman
Voice Treatment for Parkinson's Disease was to objec- Key Elements of Voice Treatment for Parkinsou's
tively quantify pre- to post-treatment improvement as well Disease
as long-term maintenance of treatment-related changes. The Lee Silverman Voice Treatment for
Statistically significant increases on the variables maxi- Parkinson's Disease differs from previous approaches to
mum duration of phonation, maximum phonation range, speech therapy in a number of ways. The treatment focuses
and fundamental frequency in reading have been docu- onvoij patWiiM is intnsive (four times a week for one
mented following this intensive voice treatment (10). Ile month), and it requires that patients be habituated to a high
magnitudesof these pre- topost-treatmentdifferences were effort level during speech production.
significantly greater than those measured in an untreated The singular focus of treatment is on increasing
control group (20). Three to six month follow-up data vocal effort in order to enhance vocal fold closure and
supportmaintenanceofthesepost-treatmentincreases(12). loudness. While Parkinson's disease patients do have
Corresponding improvements in perceptual aspects of disordered articulation and rate, the consistent focus for all
speech production, e.g., intelligibility and loudness, have sixteen sessions of treatment is vocal effort. It has been
been reported pre-, post- and follow-up treatment as well observed that even in a mild patient, a coesistent vocal
(11). effort focus during all sixteen sessions is necessary to reach

Ongoing efficacy studies are addressing the under- the habitual use of the louder voice. When the focus
lying physiologic bases for improved communication in remains on increased phonatory effort, vocal loudness is
patients following voice treatment(21). Measurements are increased and this effort generalize toenhs c articula-

tig aswll Both vocal and articulatory contributions to

FUNCUIONL , ,enhanced speech intelligibility have been documented
COMMUN|CA'|IJON following treatment which focuses on vocal effort alone

o,,(23). The singularfocus on increased vocal effortnmakes

Ide an immediate impact on vocal loudness and speech intelli-
, .odn.... gibility with a relatively simple task- "speak loud" or
^,, 211y ,"shout". After the first session of treatment, patients are

Auiiculalor 11rccioion

SPL often able to use a louder voice in simple greetings such as,
,,o V•,Sb•iy "Hi Honey!" In many cases, this provides the initial

lPhon.alory Slabd, y
Ai A osICS positive feedback patients and families need to enhance

51- _,utheir motivation and confidence to focus intently on treat-
I MFDR ment.

*.'id•i IlThe primary goal of treatment is to elicit a louder
Rcspira-ory Excursion voice with good quality. This is accomplished through

Ii,,r.ýcd Irr adduction exercises which may include "pushing" exer-
cies (24) and loud phonation. Once the louder voice is

Fjgunre2. McdeLfora nofvowetreaanentefficacyforpwieswirk established, respiratory and laryngeal coordination at in-
Parkuon'sdiseas Treasmenttnuladesincreawdeffon. Corresonding creased loudness levels is practiced. Exercises such as
mmures are made of kiuanat& (reiraztory excurvions, vocal fold maximum duration vowel phonation targeting duration,
addu I), a vna in (subglotalpressure. mammflow decination constant loudness and steadiness are practiced ten to fifteen
ruw), ak (sowuW preture level, fi lfrequency varabty, times per session with the patient being constantly urged to
phonatory stability [jitter, shimmer], articulatory, acoustics

-onpfomi quayananý "go longer, louder and steadier". Fundamental frequency
bijkgjaL and anct mmaka[&n chengerfollowing treatmenL range is another maximum phonatory effort task that is
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practicled six to ten times per session. Both of these talking too loud". The clinician should view this as a
maximum effort tasks are careied out during each of the positive sign because it indicates that the patient is using a
sixteen sessions and on-line duation and frequency range higher effort level. The next critical phase is to teach the
dat are collected on each paient's performance. These pauientthathiseffortlevelisdesirableandisnoc~tooloud".
daily clinical data are useful for both patient and clinician This calibration phase is essential for successful treatment.
reinfoncemen as well as for dam ia trataenc If the patient is notcomfortable with his louder voice be will
cfic for insurance reimbursemnt not use it habitually. Figure 3 is frequendy used to explain

Patients are encouraged to use the same effort to patients that the level of effort they now must use to
level they use dining sustained phonation when they speak. produce speech with normal loudness is comparable to the
This focus on increased phonatory effort offers a simple level they used pre-Parkinson's disease when they talked
target for speech production tasks with the focus being loudly or shouted (32). Other activities that are helpful in
"speak loud" or"shout". Parkinson's disease patients have thiscalibration phase include feedback witha tape recorder,
a well-established difficulty in simultaneously executing
two different movements (25, 26) and many experince RELATIVE LOUDNESS OF THE
impaired cognitive function (27, 28); this may be one
explanation why previous speech therapy approaches for VOICE OF PATIENTS WITH
Parkinson's disease patients which focused on multiple PARKINSON'S DISEASE

levels of speech production (articulation, rate, intonation)
have not been consistently successful. In the LSVT treat-
ment approach, the simple focus of increased loudness in
speech production is targeted hierarchically from words,
phrases, sentences and conversation on a week-by-week
basis. The goal for dismissal from treatment is adequate N ESS.

loudness during 85% of spontaneous utterances or targeted
task during treatment sessions and reports of 70% carryover
outside of treatment. In most cases, this goal can be reached
by the fourth week of treatment.

Additional keys to treatment success include: high
inenaix! treatment alnd aizliinn The treatment style is
highly energetic and intensive both on the partof the patient
as well as the clinician. The clinician serves as an energetic
motivator, constantly urging the patient to sustain phona-
ton "longer, louder, higher and lower". Parkinson's
disease patients using increased effort and emotion are able
to override bradykinesia and improve task performance Parkinson's Disease
(29-31). It is speculated that due to phonatory treatment VocalLoudness
tasks that stimulate an increased effort level, patients are
able to override their speech mechanism bradykinesia and As a result of Parkinson's disease,

you may need to either talk loud
improve phonatory and speaking performance. It is there- or shout to have a normal voice.

fore essential thatpatients use this high effort level through-
out the majority of each treatment session. Thus, inik
vidnal_ daily treatment is necessary for at least the first FIpre 3. Lodnew model umse %* Padrkon's dwaw patilena to
sixteen sessions of treatment. This enables the clinician to d ,o rat level of vocal lou*' relative to vocauffort. Adaptadftvm
monitor closely the patient's effort level and continuously Carb Mead BoWtaW (1987).

motivate the patient to increase and maintain effort levels.
If the patient does not achieve these effort levels during activities in self-monitoring and group therapy (after the
treatment, he will surely not achieve them on his own initial sixteen sessions). We have found it useful to provide
outside of treatment. In order to habituate this high effort patients with objective feedback of their intensity levels
level outside of the treatment room, homework is assigned through instruments such as the Voice Light (33).
from the first day of treatment.

of the patient to the CritNclW Considerations
new phonatory effort level is another key component to Because the majority of Parkinson's disease pa-
treatment success. Initially, when using the louder voice, dents have disorders of articulation and rate, a speech
patients complain that they feel like they are "shouting or clinician not trained in the LSVT will be tempted to spend
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th upy t riet ing these disorders. This will diffuse the menL We recommend to the patient and his family that he
focus from increased phonatory effort and reduce the continue to practice his voice exemcises for 10-15 minutes
magnitude of the treatment effect. In order to achieve at least three times a week. Many patients have found a
habituation of the loudervoice, itessential tolkeep the focus video tape of home exercises useful (34).
on phonatio throughout all sixt•e l of tratmenc It
has been documented that increased phonatory effort gen-
eralizes to improved articulatory precision without diffls- Long-Term Maintemnce and Follow-up Thammt
ing treanuent focus to articulation (23). Research data has documented a clear mainte-

PushingtheParkinson'sdiseasepatienttoahigher nance of treatment effects up to six to twelve months
pbonatory effort level may be challenging for the clinician, without additional reamme. After six months, the main-
The style of the treatment is positive, energetic and consis- teoance varies depending upon the patient. We recommend
tendy high effort. The clinician has the role of "infusing the that all patients be re-evaluated six months post-trealrenL
patient with enthusiasm." Given the reduced affect and Given the progressive nature of Parkinson's disease, reat-
low-energy style of many Parkinson's disease patients, ment targets may need to be modifiwd. If the voice has
clinician& may find this to be a challenge. However, it has deteriorated six to twelve months after treatment, the most
been reported that even on days when patients report common observation is that the patient has "fallen out of
medication problems or fatigue, if the clinician takes a calibration" or has forgotten the level of phonatory effort
directive, energetic approach, the results are positive, required for adequate loudness. Frequently, two or three
P.aients lenin thnt even when they dnm't feel their besL they voice treatment sessions with encouragement to do home-
can still pmduce intelligible speech In order to keep the work (at least three maximum "als" at the beginning of the
patientata high effort level throughout the therapy session, day to get calibrated for the day) will get the patient back
the clinician must closely monitor the patient's output and on track.
continuously encourage this increased effort. This may be
awkward for the clinician and she may not push the patient Early Voice freatment
consistently. If the patient is not pushed to high phonatory Early in the course of Parkinson's disease, patients
effort levels during 90% of each therapy session, the m h ao onos rue d invuresulting improvement in spec an voew clnt be may have amonotonous voice which is reduced in volume.
res gim em et iIf voice treatment is initiated bfore speech intelligibility is

reduced, patients maybe able to develop vocal habits which
The clinician may be concerned that increased will allow them to maintain communication. Improved and

phonatory effort may be abusive to voice production. maintained speech intelligibility may enhance and sustain
Recent data document significantly improved glottal com- employability for Parkins4-'s disease patients in the
petence post-treatment with no significant supraglottal wo boiltya.
hyperadduction (22). All patients m= receive an
otolaryngological examination before initiating this treat-
ment to rule out any contraindications and post-treatment Pronostic Factors
laryngeal examinations are useful to document treatment- A number of factors which increase the likelihood
related improvements in glottal competence. that patients will improve with The Lee Silverman Voice

The clinician cannot underestimate the signifi- Treatmenthave been identified. Thisdoesnoteliminate the
cance of calibration and habituation of the patient to this possibility of improvement for patients who do not have
new phonatomy effort level. The patient may use the louder these characteristics. Itmay mean that therapy will be more
voice in the treatment room, but if he is not completely challenging.
comfortable with it, he will not use it in functional commu- Patients with idiopathic Parkinson's disease and
nication. Calibration and habituation begin with the first the classic hypoadducted voice (bowed vocal folds, ante-
treatment session and continue daily throughout all ses- rior glottal gap) respond well to treatment. The efficacy of
sions. intensive voice treatment on forms of Parkinsonism as well

as Parkinsona patients with hyperadducted voices is

Follow-up Recommendations being investigated. Motivated patients who feel speech is
Once the patient has demonstrated the ability t important are good candidates for the LSVT. However,Oncethepatint as dmontratd te ablit to many patients who were not motivated at the beginning of

speak with increased loudness 85% of the time in sponta- treatnent become motivated when they lean that they are

neous conversational speech or during tasks in the treat- able to improve their voices. Patients who ae arctive
ment room, and reports 70% carryover outside of the abetimrvthrvocsPtensworecietreatment room, andereportsy0% carverm utside T gof l communicators are good candidates; however patients who
treatment room, therapy can be terminated. This goat had withdrawn from communication prior to treatment
requires no less than sixteen sessions of individual tre- report that after therapy they talk more because they feel
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more confident. Patients who are stimulable to generate a improve voice production may be useful in reducing aspi-
ouder voice ae also very good candidates. While patients ration. Clinical reports document improved swallowing
withadequatecognidorespoMdweilto treatmetposiUve and less choking following the LSVT.
post-reaunent results have been observed in patients who
were mildly or moderately demented (38). Summary

The majority of patients with Parkinson's disease
Padtht wth Atpical Parkiho.'s Disease can benefit from speech therapy designed to maintain and

Pulnsmoima patients with atypical Parkinson's increase their vocal loudness. The Lee Silverman Voice
disease have been treated with the LSVT and improve- TreatmentforPeakinsm'sdiseaselhsexpeimentaUlydocu-
meats have been documented on a case-by-case basis. Pre- mented shor- and long-term effectiveness. The ability to
to post-treatment results from a patient having had a communicate plays an important role in the self-concept
bilateral thalamotomy (34), documented improvements in and well-being of an individual. Therefore speech treat-
phonatory stability but limited long-term carryover. Pa- ment can play a key role in enhancing the quality of life of
tients with laryngeal hyperadductiou resulting from either a patient with Parkinson's disease.
physical pathology or secondary compensatory behavior,
respond well to treanment when the focus is directed toward Ackiledgeftjl
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Laryngeal Framework Surgery in Children
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The purpose of this chapter is to review some the term "thyroplasty" and systematized a collection of
recetdevelopmentsin surgical uatment of diseases of the surgical techniques that alter position, length, and stiffness
larynx in children. Recently, a collection of surgical of the vocal folds and change the voice through procedures
techniques known a laryngeal framework surgery has on the external larynx.' These techniques bave also become
gained attention. Though these techniques have not been known as laryngeal framework surgery.2 A concept
widely used in pediatric otolaryngology it is appropriate to underlying theseppmcedumes is avoidance of surgical traima
examine them in the context of their potential and early tothe vocal foldmucosa. The vocalfoldnmucosaisessential
attempts at clinical application to this field. to normal voice production. It conists of a pliable"cover"

The pediatric otolaryngologist is called on to ofepitheliumandsuperfkclaminaproprdlatdrapesover
manage a variety of laryngeal disorders. These may affect a stiff "body" composed of deep lamina prop (vocal
one or more of laryngeal functions; swallowing, airway ligament) and vocalis muscle.4 The complex interaction
protection, respiration, and phonation. An underlying between these structures allows for propagation of amuco-
theme for this review is that surgical treament of the adult sal traveling wave. The periodic interruption of air flow
larynx in one context may be applied to the pediatric larynx from the lungs by the closing and opening of the glottis due
in another. In the adult, surgical treatment with laryngeal to the traveling mucosal waves is the- essence of voice
frameworksueryisgenerailytargetedtococpbonatory production. Delicate adjustments in stiffness, length, and
dysfunction. This may not necessarily be the sole focus of position of the vocal folds allow the production of a range
treatment in children, where airway and swallowing con- of vocal pitches, loudness changes, and registers. Laryn-
cerns often supercede voice considerations. For example, geal framework surgery manipulates these laryngeal bio-
teatmentofglottal insufficiency with laryngeal framework mechanical variables to change glottal configuration and
surgical techiques may well apply to children in address- mucosal wave popagation to alter the voice.3

ing swallowing dysfumcton while also sparing the voice. Though voice alteration has been the original
A second theme of this review suggests that the focus of laryngeal framework surgery, this report attempts

well described techniques of airway reconstruction for to broaden this view in pediatric ot-aryngology to include
laryngotracheal stenosis in children may also be viewed as treatment of laryngeal airway and swallowing dysfunction,
surgery of the laryngeal framework. As will be discussed, in the context of also restoring or preserving voice. Impor-
laryngotracheal reconstructive surgery often affects laryn- tant background for this discussion includes pediatric laryn-
geal biomechanics and the voice, though the procedures geal anatomy. The developmental anatomy of the larynx
were primarily designed for airway restoration. and vocal folds as it relates to laryngeal framework surgery

Some background on the principles of laryngeal will first be reviewed, as well as potential implications for
framework surgery is appropriate. In 1974 Isshiki coined what any intervention in childhood may yield for the adult.
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A=m yIt was found that, up to the age of 10 years, the
The elegant studies of Hirano et al, provide much length of the vocal fold did not vary much between males

inghtinto thedevelopmentoftheponatory larynx. This and females At ten years of age the length of the membra-
section reviews this research, and highlights the differ- nous portion ofthe vocal fold gradually increases for males,
eces in pediatric laryngeal anatomy relevant to laryngeal up to 20 years of age.
famework surgery. In 1981, at the second Vocal Fold Atage 10, themembranousfoldis6to8mm long
Physiology Conference, Hirano et al presented a study on in males and females. In females the vocal fold will incrzen
the growth, development, and aging of the human vocal in length to 8.5 to 12mmbyage20. Inmales the length will
folds.3 They studied 88 normal larynges in patients whose more than double, to 14.5 to 18 mm by age 20. The length
ages ranged from a few hours after birth to 69 years old. increase was not dramatic during adolescence, but gradual
Several gross anatomic and histologic variables were (Figure 1). The study by Kahane on morphology of the
studied. The length of the entire vocal fold was measured. prepuberal and pubera larynx alsodocumenrd the hanges
and the length of the membranwus potdon (anterior fold) in vocal fold length with puberty.' Measuring the entire
and cartilaginous porion (posterior fold including vocal vocal fold length (membranous and catilaginoux portions)
process and aryienoid). before and after puberty, the average increase in female

vocal folds was 4.2 nu and males was 10.9 mm, over twice
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Figure)1. A (lop). Length of she extire vocal fold mewured in mm for 48 portionfor48 asals and 4OfeamoM rtusgingfrom afew hours to69 years
meale oda 40f..alk nigaug from a few hours to 60 yewrs of age of age. B (boftto): Ratio ofthicuss of amuacosa to length of-nexnbinmsus
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males ansd 4fensaed angiwghsgit'. afew hours to 69 years of age. From afage. FrosesHiranoeM. Kurila S, Nokashima T: Growvh4 develapenea and
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Comwenaxaqir Researtch anld alakcal Issues, San Diego6 College-Hill Coiltge-HLUi Press. 1983. pg 26. Ussi by peesiuio,,.
Preax 1983. pg 26. Used by pernisel lve.

NCV8 S~aidPlop" oRp 92



The cartlagitnos partion of the vocal fold also general. the growth of the overall dimensions of the larynx
glows with age. It increms from about 1.25 mi in is linearly related (directly proportional) to crown-heel

wbornso3mminmalesand2.Smminfemales. If a ratio length (somatic height). Laryngeal growth is thus related
is made of the length of the membixaous portion to that of to age only as overall body growth relates; that is, a
the cartilaginous portion of the vocal fold, the ratio is about sigmoidal curve with acceleration between birth and three
1.5 in newborns (se Figure 2). It increases to about 4.0 in years, them deceleration, then rapid growth phase at pu-
adult females and 5.5 in adult males.5 This ratio has value besty, especially in males. Kahane also documented the
in understanding the fumctions of the larynx in children. In changes in external laryngeal anatomy resulting from pu-
children, a laWger portion of the glottis comprises the berty.' Significant regional growth localized to the anterior
posterior glottis. This has been termed by Hirano the aspect of the thyroid cartilage was measured in laryngeal
"respiratory glottis".7 Indeed, respiratory and protective specimens ofipubertal males, whereas other external laryn-
functions of the larynx play a larger role than phonation in geal measurements showed less dramatic differences be-
infants and children. The membmnous partion of the vocal tween pubertal males and females.
folds is more susceptible to edema than adults, yet because A key principle in laryngeal framework surgery is
the membranous folds (the anterior or "phonatory glottis") the relationship between external laryngeal structures and
comprises a smaller percentage of the entire glottal area the vocal folds internally. Through numerous anatomic
these obstructive effects are minimized, serving as a rela- studies lsshiki found that the position of the anterior com-
tive protection. missure of the vocal fold is, in general, half way between the

Hirano also studied the histology of the vocal folds thyroidnotch and tbe inferiorboeoft othe thyroid lamina.'- IJ
in the developing larynx. He has reported extensively on the The vocal fold is in a horizontal plane at this level. Another
layeredstructureofthevocal fold.' Itisdescribedashaving study by Meiteles et al generally confurmed this relation-
five distinct layers. The first two layers, the vocal fold ship." In disscton of 10 female and 8 male cadaver
epithelium and superficial layer of the lamina propria (also larynges the anterior commissure was in all cases at or
known as Reinke's space) comprise the "cover". Under- slightly above the midpoint between the thyroid notch and
neath this is found the intermediate and deep layers of the inferior thyroid lamina. The posterior end of the vocal fold
lamina propria (or vocal ligament) and the thyroarytenoid showed some variation, in 47% of specimens it sloped
or vocalis muscle. The deeper layers are called the "body". downward posteriorly at the oblique line (the line-on the
The complex stiffness interaction between the cover and thyroid ala joining the superior and inferior tubercles). In
body facilitates phonation through its range of pitches, medialization laryngoplasty surgery, window placement at
loudness, and registers. This layered structure goes through or below the inferior third of the oblique line was recom-
extensive maturational changes.5 Up tofouryearsofage the mended to avoid medialization of the false folds.
intermediate and deep layers of the lamina propria are not Isaacson published a similar study in pediatric
differentiated. Afterfour years an immature vocal ligament larynges. 2 Ten specimens, ages 10 days to 16 years were
is observed. There is in childhood a much more extensive studied. The relationship of the level of the anterior
density of fibroblasts throughout the laminapropria than in commissure and the vocal fold relative to the external
the adult (see Photo 3; center-bound photographic plate). thyroidcartilage landmarks was consistentthroughoutchild-
With growth, elastic fibers of the intermediate layer de- hood, and the same as reported by Isshiki. Thus, though the
velop and fibroblasts decrease while collagen fibers of the size of external laryngeal dimensions changes with growth,
vocal ligament form. By 16 years of age the layered the relationship to endolaryngeal structures is maintained.
structure of the adult is observed. The high density of It should also be recognized that a variety of asymmetries
fibroblastsin the submucosaofpediatric vocal folds implies are present in larynges of all ages. In a recent study, Hirano
that they may be prone to scar formation from surgical et al found no directional preponderance in laryngeal
traUna. asymmetries often newborns.' 3 In adults, however, several

trends were presen. With age, the right thyroid lamina
External Laryngeal Developmental Anatomy tends to tilt laterally, and the left thyroid lamina tends to tilt

In addition to the development of endolaryngeal medially. Also the right cricothyroid joint is located more
struct•res, a study of the growth and development of the laterally, posteriorly, and inferiorly than the left joint. The
external laryngeal cartilages is helpful to understand the thyroid cartilage is tilted to the right relative to the cricoid
effects of growth on the larynx and surgical interventions to cartilage. They noted that all adult specimens were of right
thesesmictures. Themostextensive study of thistopicwas handed individuals, and speculated that differences in
done by Klock. In two reports, he published reports of handedness may be related to the laryngeal asymmetries
extensive measurements on the anatomic dimensions of the measured. Also of interest, despite these external asymme-
larynx in infancy and childhood." It was found that, in tries, they found that the level of the vocal folds remained

relatively the same, to maintain symmetric vibration.
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The effects on laryngeal growth from laryngeal or breathy. Two patients exhibited reverse or inhalatory
framework surgery are unknown. However, results ex- phonation. iberoptic larygosoyandlaryugostraboscopy
tracted ftom prior woik in laryngoeracheal reconstmction demonstrated supraglottal phonation an three, glottal in-
may be applicable. In general, laryngeal growth appears to competence in two, arytenoid fixation in two. anterior
maintain•, deapite surgical intervention. These studies have commissure blunting or widening in fth vertical asym-
been ecently reviewed by Cotto. Larngofissure had no metry of the vocal folds in two, and vocal fold scarring (ie.
effect on laryngeal growth in 5-week-old dogs.5 Nasal absent mucosal wave) in three. Most patients exhibited
septal cartilage and muwsal autografta were shown to more than one abmormal finding. Though the study group
increae the circumference of the subglottic space in young was not controlled and was likely representative of LTR
dogs, without affecting later laryngeal growth." Cotton's patients with more severe voice problems, it is comparable
work in laryngeal anterior and posterior autogenous aunricu- toother reports,2•' and is indicative of the consequences for
lar grafts in rabbits demonstrated cartilage graft viability at voice that may result from LTR. This can be a significant
both sites, with the posterior cricoid grafts faring better."4 long term disability for a child.
Growth with viable new cartilage formation would be As Zalzal has pointed out, the voice in children
expected. who are treated for laryngotracheal stenosis may be af-

fected by both the underlying disease process and the
Lary•egtrachal Reconstructb = Laryngeal surgical camendesignedtocect theproblem.? Stmosis
Frmework Surgery at the level of the free margin of the vocal folds and scar of

Surgical techniques for repair of glottic and the superficial lamina propria will inhibit vocal fold vibra-
subglottic stenosis have made many advances.' 7 These dlon and is difficult to reconstruct It is also apparent that
procedures, generally known as laryngotracheal recon- surgery designed to enlarge the laryngeal airway may
staruction (LTR), have particular applicability to the pediat- adversely affect phonation, which requires glottal closure.
ric population where laryngotracheal stenosis is a prevalent Trends from recent studies indicate some additional factors
clinical problem. The goal of these procedures has been to that appear increase risk for a poor postoperative voice
restore the airway. However it can be readily appreciated result in children who undergo LTRL These include the use
that laryngeal surgery designed to address one aspect of of posterior cricoid cartilage grafts, combined use of ante-
laryngealfunction may necessarilyaffectotherfunctionsof nor and posterior grafts, the long term placement of
the larynx, eg. phonation and swallowing."$ endolaryngeal stents, and multiple LTR procedures."'4A0.4

Techniques of LTR may alter the position and Posterior glottic and subglottic stenosis can be
anatomy of the vocal folds and endolaryngeal structures successfullyreatedwithposteriorcricoidcantilagegrafrs. 4 '
through external surgical manipulation of their support, the This technique can also be used for treatment of impaired
thyroid cartilage and arytenoids. In this way these proce- vocal fold mobility, such as bilateral vocal fold paralysis.2'
dures may be also viewed as laryngeal framework surgery. In the series reported by Zalzal, twelve patients were treated
Examples of this may be seen in the commonly employed for posterior laryngeal stenosis with posterior cricoid car-
techniques of LTR. Cartilage grafts, usually from autog- tilage grafts. The patient's voice quality was assessed by a
enous rib, are popularly used in LTR.t' 7 These may be householdmemberwhospentthemosttimewiththepatient
placed in the anterior and/or posterior cricoid region. before and after surgery (subjective perceptual assess-
Anterior cartilage grafts alter the laryngeal framework by ment).2 Of the eight patients with preoperative normal
immobilizing the action of the cricothyroidmuscles, which voice quality, only two had a postoperative normal voice
lengthen and tense the vocal folds. Highly placed anterior quality with six patients reported as having hoarse or husky
cartilage grafts may disrupt the anterior commissure and voice quality. In another series reported by Zalzal et al,
splay the vocal folds apawt Posteriorcricoidcartilage grafts sixteen patients hadvoice quality formally assessed 2 Only
widen the posterior commissure. This separates the aryte- four of the nine patients who received posterior grafts had
noids and affects the ability of the vocal folds to approxi- breathiness, yet these four were the only patients with a
mate at the vocal processes. Posterior cricoid grafts may breathy postoperative voice. Smith et ai epocted on fifteen
also impair action of the interarytenoid muscle. These patients that underwent "single stage" LTR (no trache-
effects on glottal closure may be more pronounced in the otomy tube employed or removal of the tracheotomy tube
pediatric larynx since it has a relatively larger posterior at initial surgery)."' Of the twelve patients who were
glottis, successfully extubated, at informal voice quality assess-

The effects of cartilage graft LTR procedures on ment three to six months postoperatively, seven had normal
pediatric voice have been recently studied. Several reports voice, four had moderate dysphonia, and one had severe
have described voice problem in these patients.1"02 Smith dysphonia. All five of these patients had both anterior and
etal reported on eight patients with voice problems follow- posterior cricoid cartilage grafts placed. For three of these
ing LTR."9 The voices were frequently rough, low pitched, five, the surgery was a revision procedure.
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lbs we of endolarVngeal sats to secure cartilage more ofthe membranous folds and anterinor glottis. This has
grafts in place has been well described. However, these potential implications for injury to the membranous folds.
steats appear to injure the voice, especially when used long Because of the abundant and diffuse distribution of fibro-
term. In Cotton's large series of 61 patients that underwent blasts throughout the superficial and deep lamina pmpra
posterior cricoid graft LTR, the duration of stenting was the membranous folds ("phonatory glottis") of the pediatric
found to be correlated with postoperative voice assessment larynx may be more susceptible to voice injury from
in that better voice results occurred when the duration of surgical trauma, stents or intubation.
stentingwas 12weeksor les" MaddalozzoandHolinger" A summary of suggestions for minimizing or
reported in a series of 20 children that underwent LTR that preventing phonation problems in laryngeal framework
hoarseness was not an infrequent problem in those that carilagegraftsurgeryforpediaticlaryngo ealstenosis
required stenting. In the report of Zalzal et a[ all sixteen is given in Table I.
patients had a steat placed, fifteen had aberrant voice
quality.23 The authors failed to findacorrelation, however, Pediatric Applikatons of Laryngeml Framework
between stcating duration and postprive voice quality. Surgery

Several animal studies have examined the effects The approach of Isshiki to voice problems through
of stentintubation on the larynx, with implications for external laryngeal framework surgery and his surgical
voice problems. In a goat animal study of the effect of long- techniques have been published extensively, including in a
term endolarygeal stents on the larynx, disruption of previous volume of Advances.2 The most common and
laryngeal mucosa and underlying tunica elastica, particu- frequently reported of Isshili's procedures is the Type I
larly in the posterior glottis, was observed in preparations thyroplasty, also commonly known as medialization
thatundarwenendolatyngealstentplacementfor3months. 3 laryngoplasty)°-l' Another laryngeal framework
Squamous metaplasia of the posterior glottic mucosa was medialization procedure is the "arytenoid adduction
seen, asweil as erosion of the vocal process of the arytenoid laryngoplasty. 3" The other thyroplasty types described
(see Photo4 on center-bound photographic plate). Epithe- that have been used for vocal pitch change, or spasmodic
iial hyperplasia and fibrous proliferation in the submucosa dysphonia are not generally applicable to children. The
anterior to the vocal process were observed. Leonard et al medialization laryngoplasty and arytenoid adduction pro-
studied the effect of 7-day intubation in small dogs.Y cedure however, do have promise in the treatment of
Larynges harvested 5 weeks after extubation exhibited selected pediatric patients. As compared with adult pa-
epithelial disruption, hypertrophy of the epithelial layer, tients, a different approach is necessary in considering 1)
and proliferation of subepithelial connective tissue. These indications for surgery, 2) surgical plan, and 3) anatomic
changes, although mainly in the posterior glottis, also were differences in the pediatric larynx that influence surgical
observed in the membranous fold anterior to the vocal technique.
process. Itwouldbe expected thatin the infantand pediatric For children who are candidates for medialization
larynx endotracheal tubes and stents would tend to contact laryngoplasty, aspiration may often be the major symptom

Table 1.
Laryulracheal recoamuctiom procedures: poteloa• advere effects oa voice and tedcique. to avoid and minimize them.

(Proi Smith ME. Motelliti AJ, Coton RT, et a&: Phoalion and swallowing eonsideraioma in pediatric laryotragcheai reconswmcdioe.
Arm OtW RlhaiLaLyngo 1992; 101:731-733. Used by perniasion)

Laryngotracheal Potential Adverse Effects Techniques
Reconstruction Procedures on Phonation

Anterior laryngotracheal split Anterior commissure Avoid complete
and/or graft disruption; vocal fold vertical laryngofissure, if possible;

asymmetry; cricothyroid avoid graft placement in
muscle dysfunction; anterior commissure; petrPnrm
supraglottic collapse exact alignment of anterior

commissure

Posterior laryngotracheal Increased glottic gap; impaired Avoid excessive graft width:
split and/or graft arytenoid adduction; arytenoid use gentle retraction of

subluxation hemicricoid

Stents Scarring of vocal fold mucosa; Minimize stenting time; use
impaired arytenoid mobility single-stage laryngotracheal

reconstruction, if possible;
stent below vocal folds, if
possible
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rather than voice. Glottal insufflciency may be due to of the anterior (membranous) fold, arytenoid adduction is
unilateral or bilateral vocal fold paralysis orparesis. Bilat- best suited to close the posterior glottis "-" This also
erl vocal foldpaaysis inadultsis usalydue toperipheral accomplishes medialization and lengthening of the vocal
nerve injury, but may have central etiology in head injured fold as well as appropriate alignment for phonation in vocal
or suoke patients. In infants, this problem usually has a folds on different vertical levels. Since the pediatric larynx
centraletiology. There maybe associated corical dysfunc- hasa larger proportion of cartilaginous (posterior glottis) to
tion and developmental delay. Because of central neuro- membranous fold versus the adult, laryngeal procedures
logic dysfunction, swallowing may frequently be affected which are designed to close the posterior glottis may have
id chronic aspiratimon present. The presence of a trache- pediatric application. It would appear that the design and

otomy to secue the airway will not prevent aspiration, and effect of an arytenoid adduction procedure is ideally suited
recurrenttpneumoniamayresult. Vocal foldimedialization, for the pediatric larynx. Preliminary experience suggests
by injection or exteral augmentation, has been described as that it has, as expected, worked well to improve swallowing
treatment for aspiration by several authorn. 3 -"- However, but that voice improvement has not been as pronounced and
the success of various techniques employed has not been dramatic as that seen in adults. This is probably related to
systematically investigated. Medialization laryngoplasty the fact that even though the arytenoid is adducted, the
provides an option for improving glottal competence to larger posterior pediatric glottis (relative to the anterior
minimize aspiration, while attempting to avoid procedures glottis) still remains partially open during phonation result-
such as baryugotacheal separation that would render the ing in some persistence of a breathy voice.
patient totally aphonic. Case Report: A 14-year-old female was suffering

Medialization laryngoplasty for the treatment of from recurrent aspiration pneumonias and a near inability
swallowing and aspiration problems in selected pediatric to orally feed due to aspiration. She had a left vocal fold
patients has been employed (Cotton RT, personal commu- paralysis due to a neuroblastoma. The patient had under-
nication). A case reported in the literature by Isaacson'2 is gone chemotherapy and was now in remission. Due to her
illustrative in this regard and will be reviewed in detaiL He recurrent aspiration pneumonias and her very poor oral
described a case of a 14 year old patient that was neurologi- intake, she was cachectic and emaciated. Although she was
cally impaired from a severe closed head injury at age 4. over five feet tall, her body weight was 86 pounds. Laryn-
The patient had been decannulated from a tracheotomy at geal examination showed a wide glottic aperture with a
age 9. A unilateral vocal fold paralysis had been treated divergent (triangular) glottic configuration. Based on this
with a Teflon@ injection, yet development of stridor after assessment amedialization thyroplasty would not be suffi-
the injection resulted in tracheotomy replacement. An cient in closing the posterior glottis.nJ3 Therefore, a left
arytenoidectomy had then been performed, but the patient arytenoid adduction was performed. Following the proce-
developed aspiration. The boy remained dependent on dure, aspiration was resolved, the teenager was able to gain
gastostomy tube feedings and took nothing by month. weight, and a gastrostomy tube was avoided. The disap-
After referral to Isaacson's institution, the Children's Hos- pointing part of this case is that postoperatively the voice
pital of Pittsburgh, an operation was devised which modi- was perceptually breathy, even though measures of glottal
fied the standard technique of medialization laryngoplasty. aerodynamics showed considerable improvement. This
The window in the thyroid ala was designed so that the case illustrates that arytenoid adduction alone may not be
depressed cartilage window would fill in the soft tissue and adequate enough by itself to correct a breathy voice asso-
provide bulktotheregionof theabsentarytenoid. Acustom ciated with unilateral vocal fold paralysis in the pediatric
silastic block was created to secure this window. Following patient It does demonstrate the effectiveness of arytenoid
surgery the patient's swallowing improved to the point adduction iaryngoplasty in treatment of aspiration prob-
where he could swallow solids and semi-solids, but aspi- lems.
rated with liquids. Six months later the posterior glottal gap Case Reportb A 15-year-old with an appropriate
was noted to be slightly larger. An additional Teflon@ bodyweightandheightforage, hadbeentreatedfornodular
injection to this region of the reconstructed arytenoid sclerosing Hodgkin's disease. She had failed therapy and
improved the patient's swallowing so that liquids could be then underwent a bone marrow transplant. During the
swallowed without aspiration. Eventually, the patient no courseoftherapy, sheexperiencedaleftvocal fold paralysis
longer required the gastrostomy tube, but remained trache- and a very breathy, weak voice. She had previously been
otomy dependent. quite active in her high school activities and felt that the

Arytenoid adduction laryngoplasty also accom- breathy voice was more disabling than the rest of her
plishes vocal fold medialization, through suture fixation of disease. After waiting nine months, she underwent an
the muscular process of the arytenoid to adduct the vocal arytenoid adduction laryngoplasty. Clinically, her voice
process. While medialization laryngoplasty affects closure was improved and objective voice aerodynamic measures

corroborated this result. Over the following year as she
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continued to grow, she experienced more vocal improve- Arytenoid addction in the pediatric population is
mML This case is used to illustrate two things. First, an a more tedious procedure than thyroplastic medialization.
arytenoad adduction can be used to treat a breathy voice in The smaller size of the pediatric larynx makes this proce-
the older eenager as in adult disorders and second, conmn- dure technically challenging. The muscular process of the
ued growth through puberty is likely to improve voice arytenoidisnomveryprominentanditiseasytomisplace the
results. This is attributed to change in the ratio of posterior suture for the muscular process too superiorly. This results
glottis to anterior glottis, described by Hirano et ai.• This in prolapse or tilting of the arytenoid cartilagi anteriorly.
ratio declines rapidly through the first ten years of life, and To make sure the desired effect of arytenoid adduction is
also declines further through the second decade. With achieved, the larynx must be examined while the arytenoid
change in this ratio, more glottal air flow during phonation is being adducted. This is best done by having the vocal
would be directed through the membranous glottis to folds visualized on the monitor while the surgeon is apply-
incease glotta' vibration. ing tension to the suture which is adducting the arytenoid.

These cases demonstrates the utility of laryngeal Furthermore, once the suture is tightened and the arytenoid
framework surgery in being adaptable to treat problems is adducted, it is preferred to not re-intubate the patient.
affecting phonation and swallowing in the pediatric patient. This requires cooperation between the anesthesiologist and
Best results have been obtained in the teenage population as the surgeon. The airway can be managed with a mask or
opposed to those under twelve years. The long term results with negative pressure ventilation. A very small endotra-
of these procedures await further experience. Results will cheal tube may be acceptable. We have not had good
likely be influenced by the natural deterioration of function success in performing this procedure under local anesthesia
in children with central neurological problems. A role may in a pediatric patient.
be found for such procedures thatameliorate symptoms and
improve laryngeal function in these children. Conclusions

Surgical Technical Points This report has reviewed basic laryngeal investi-

Medialization Paryngoplasty is usually performed gations relevant to pediatric laryngeal framework surgery.
underalizansthsiain iadpltsty Tis hasa eenfourme Some clinical data has been reviewed, especially with

under local anesthesia in adults. This has not been our regard to the influence on voice in children who undergo
experience in children, and general anesthesia has b cartilage graft laryngotracheal reconstruction, which may
used. These children frequently have concomitant airway be regarded as laryngeal framework surgery. Finally,
and swallowing problems that have necessitated the need examples of the application of medialization laryngoplasty
for a tracheotomy. However, selected patients may be and arytenoid adduction laryngoplasty in the pediatric age
candidates for local anesthesia and light sedation; espe- group are presented and issues discussed regarding the
ciaily if they are older children who can cooperate for potential use of these surgical techniques in children. The
intraoperative voice assessment during positioning of the definitive role in children of the array of phonosurgical
implantL techniques known as laryngeal framework surgery requires

The anatomy of the pediatric larynx presents further clinical experience.

several differences that the surgeon is aware of when

performing medialization laryngoplasty or other laryngeal
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